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I. INTRODUCTION

The purpose of this investigation wes to study in both analyticel
end experimentel detail the possible utilization of thin single domain
ferromegnetic films of 80-20 permalloy in electronic engineering devices.
Such megnetic films heve heretofore been limited largely to use in digite~
al computer memory systems although other spplications seem economically
feasible and practical. This type of thin film wes first devised some
six or seven years ago. Since then they have been rether extensively
studied in an attempt to solve the problems of fabrication esse end of
operetional speed in digitasl computer gystems. Inesmuch as most of the
investigatory studies heve been made by compubter organizasticns, it is
understandaeble why many of the noncomputer possibilities have heretofore
gone uninvestigated.

Since both the thir magnetic film technique and some of the appli~
cations to be investigated are rather new developments which date back
only to the last half dozen years or so, this introductory section is di-
vided into two parts, the first part referring to thian film history end
properties end the second pert referring to the pareametric type of sappli-

cations in which nonlinear resctances are utilized.
A. Megnetism end Thin Films

The films being considered in this thesis are made of & nickel-iron
alloy of approximetely 80 percent nickel end 20 percent iron. Commonly
referred to as 80-20 permalloy, this materisl is vacuum deposited on thin

substrates of glass, mice or plestic although gless is the most common.



The choice of this composition wes dicteted in part frem the unaveilsbili-
ty of other types of films end in part from the fact that films of this
type possess some very desirable characteristics such as low anisotropy
end low megnetostriction coefficients. These films ere flat pill box
shaped bodies thet mey vaery in shepe from being elliptical to being rec~
tengular., Typicel films cen be in the order of 100 to 10,000 angstroms
thick end may heve surface arsss of several square centimeters. In ad-
dition to vecuum deposition, electrodeposition hes been studied in some
leboratories. Other ratios of constituent materials snd even other ma-
terials altogether might be useful in accentuating certein properties for
specific device epplications., Experiments with other types of deposition
end with other materisls are deemed to be outside the scope of this thesis
and, although interesting and potentially very importent, will not be con-
sidered further in it. |

Before discussing the properties of thin ferromegnetic films, a brief
discussion of isotropic bulk ferromegnetic meteriel is in order. The term
isotropic here mesns that the materisl when viewed as e bulk semple hss no
preferred magnetic directions. When 8 macroscopic ssmple of such material
is examined in microscopic detail, it is experimentelly discovered that it
is subdivided into e large number of smell regions celled megnetic do-
meins, esch of which is sponteneously magnetized to seturation. Adjoining
domeins will have their megnetization irn different directions. A "de-
magnetized" semple of & ferromagnetic meterial is "demegnetized" only in
the sense that the arrengement of the domeins within the semple is such

that there is a zero net flux for the sumple as & whole, i.e., the domains



are so oriented that the magnetic flux circuits lie entirely within the
semple. This implies & very high degree of ordering of the domain con-
figurations rather then just any erbitrary rendom errengement.

Between one domein end enother is a narrow trensition region called
e domein well; a domein well consists of the region where the direction of
the magnetic dipoles arising from the spin of ferromegnetic electrons
graduelly changes from being persllel with the magnetization of one do-
mein to being parellel with the megnetization of the other domain. The
width of a domain wall is in the order of a thousend engstroms while the
width dimensions of a domein are in the order of several tens of thousand
angstroms. The length mey be several millimeters or more. For a dis-
cussion of the factors which determine these dimensions, the reader is re-
ferred to the works of Kittel and others (1-4).

When en external magnetic field is applied to the semple, some of the
megnetic dipoles in the domain wells, which are reletively close to & do-
mein whose megnetization vector is more or lese parsilel with the di-
rection of this externel field, tend to align themselves with the domain
under the influence of this slightly increesed force. At the sesme time,
dipoles close to & domain well in domains entiparallel to the external
field tend to be rotated slightly out of parellel coincidence with their
perent domain end to become a part of the domein well. In this wey do-
mein walls tend to move under the influence of externsl magnetic fields
with the domeins parsllel to the external field growing et the expense of
the antiparallel domains. This then gives a net magnetization elong the

direction of the applied field., This substentially incresses the magnetic



flux density over what it would be if the material were not present. This
is, for the most part, & low field phenomenum. By the time sufficiently
high fields are reeched, essentiaslly all the entiparellel domeins have
been engulfed by the parallel domeins. However, a few domains usuelly
remein which were originelly perpendiculer to the directicn of the ap~-
plied field. The force on the magnetic dipoles in these domeins in-
cresses as the field increases ceausing them to tend tc rotate end to be~
come perallel to the applied field. Because of crystalline anisotropy,
this domain rotetion usually requires considerably more force than domain
wall movement end as such is 2 high field phenomenmum. Ferromagnetic
materiels are normelly magnetized by a combination of domain well
movements and demein rotations.

When & thin film of 80-20 permalloy is vacuum deposited on a sub-
strate in the presence of an externasl magnetic deposition fie¢ld of e few
oersteds parallel to the plene of the film, the atomic struc..ve of the
film is ordered in such a menner that it possesses an uniexisl enisotropy
along an axis parallel to the original direction of the deposition field.
Hereafter this direction will be celled the "easy" or the "rest" direction
of magnetization. The direction normal to the rest direction but still in
the pleme of the film will be oalled the "herd" or the "trensverse" di-
rection. Later, in discussions relative to the applicetion of these films
for device purposes, it is convenient to cell these directions the “pump"
end the "signel" directions respectively.

When the thickness of the film is less then the dimensions of a

normel domein, one would not expect to find e domain wall existing through



the thickness of the film. If a film possessed true uniaxial snistropy,
the magnetic moments of the ferromegnetic electrons would heve a preferred
alignment either parallel to or entiparallel to the easy direction. The
application of a small magnetic field along the easy direction would cause
any existing domain wells to move wntil only domains perallel with this
field are left. Since this is domain waell movement rather them rotation,
removal cf the external field should leave the entire film &s one single
domain. However, with the lateral dimensions of a film being meny times a
domain dimsnsion, onc would expect that it would be fairly essy to csuse a
thin film in & single domain state to bresk up into e multiple domein
state.

In practice, it is found thet the film cen actually exist in a multi-
rle domain state or in e nearly single domain state. In the latter
instance, thers ere usuelly some small perssitic domeine around the edges
of the films which, in the sbseace of & bies field, are not aligned along
the esay direction of the majority of the film,

In an MXZS units system, the vector magnetic flux density B in a mag-
netic domein is given as

B = p°'§'+'ﬁ 1
where i, is the permesbility of free space,'ﬁ is the total megnetic field
intensity at the point of imterest and ¥ is the vector saturastion megneti-
zation per unit volume of materiesl. For the grest mejority of appli-
cations of interest, the magnitudes of ¥ end H are such thet MDD u, H.

Now if one were to teke a reesonably good single domein film and in-
vestigaete its hysteresis loop characteristic along the easy direction, 1t

is easy to wisualize on the basis of the preceding discussion, that one



should expect to observe & square hysteresis loop. Consider, for
ingtence, a magnetic field ' incressing entipareallel to the megnetizetion
Hof & good single domain film. At a certein velue of H end et some point
or points in the film such es at discontinuities in the crystelline
structure, domains with = megnetizetion perallel to H will nucleste.

These domeins will then grow very rapidly until all the dipoles in the
film have been reversed. To nucleate a domain in the presence of the ef-
fective field of the film due to its megnetizetion requires a substentiel
external field. Until this velue of field is resched there will be no
noticeable effect on the film, As soon as it is exceeded, however, a
repid reversal of megnetizetion tekes plece giving rise to & sguare loop
hysteresis characteristic. On the other hand, if & transverse direction
hysteresis loop is investigated one would expect that rotetion would occur
so that the characteristic curve should be closed end feirly linear as a
function of exciting field strength until the megnetizstion is roteted
parellel to the trensverse exis. At this point, the flux demnsity would be
& maximum end the meterisel would be satursted in the tremsverse direction.
Hysteresis loop cherecteristics of these types for good films are fairly
easily demonstrated experimentelly indicating that the actual film is es~
sentislly a single magnetic domein.

The eerly interest in the megnetic properties of thin films ceme as &
part of en extemsive progrem of investigetion of megnetism in gemeral
besed in part, at leest, on the incressed engineering epplication end the
demsnd for megnetic materials with more cptimum properties. It had been
well known for some time that as one rolled a nickel=iron permelloy tepe

thimer end thinner its hysteresis loop grew more square. Blois (5) sug-



gested that one could obtasin the equivelent of e very thin tepe by the e-
veporetion of & permalloy film a few thousend angstroms thick onto a
suiteble substrate. Kittel earlier hed predicted that such & thin film
should be able to exist &s & single magnetic domain. Blois' success in
producing films with good squere hysteresis loop cheracteristics led him
to propose the possibls use of such & film es 2 binary data storage ele-
ment. This led to an intensive progrem of investigetion of thin ferromeg-
netic films primerily for computer memory cpplicetions which is still cone-
tinuing (6-16).

In investigeting the dynemicel behavior of thin films under high
speed switching and other high frequency excitetions, several of these in-
vestigators (11-14) refer to & phencmenological theory of rotetionel
processes formulated by Lemdeu end Lifshitz.(17) end later modified
somewhat by Gilbert (18). Gillette and Oshime's (13) epproesch to this
problem will be utilized later in devising @ high frequency model for en

inductor with & thin film cors.
B. Nonlinear Reactances and Paremetric Devices

Concurrent with the meterials work described in the preceding pare-
graphs, considersble effort has been expended in the use of nonlineear re-
actence elements as modulators, demoduletors, mixers end es paremetric
amplifiers (19-36). When e signsl is impressed ecross &n inductence or @
capacitor whose value is being periocdicelly varied in time, many new
frequencies arise. These new frequencies esre involved combinetions of the
original frequencies and of their hermonics. By proper tuning techniques

the power of some of these frequencies cen be suppressed while the power



of others sllowed to flow. One method of echieving this periodically
varying reactance is to impress a lerge local oscillator "pump" signel a~
cross the nonlinear reactence element st the same time as a smell signal
is epplied. Menley and Rowe (35-36) discuss some of the genersl proper-
ties of such systems. They show that, given & system in which both the
pump snd the signel vary sinusoidelly at & frequency of f‘P end £y re-
spectively, one has, for the cese where the reactence has no hysteresis,

the two independent relations

N=®ww
2
nf, + nf '

Here Pm,n is the averege power input to the resctence at the frequencies
£ = tlmfp + nfg|. For a deteiled enelysis of the implicstions of these
relstions, the resder is referred to the original articles.

Briefly, however, these reletions indicete that & lerge power gein
can be achieved by frequency upconversion from em fg such that £ fp to

& new frequency f, = £ + £, by the interaction of £y with f. They also

p p
indicete that when en f, such thet fg ( fp interacts with fp to give
£f_ = fp - g, it is possible for both the frequencies fg and f_ to absorb

power from the pump supply. This is what makes & paremetric emplifier
possible. Of course, insteasd of fg end fp » some harmonic terms of these
frequencies might heve been used instead. The anelysis would have been
similer.

In order to function, a perametric amplifier must heave power present



et frequencies fg and f_ as well as at the pump frequency fp. This then
requires that, for efficient operetion, tumed circuits be used to mini-
mize circuit reaectance end to meximize output power. The system oper-
ation, then is such that power is transferred from the pump circuit te
the f; end f_ circuits, usuelly called the signel end the idler circuits
respectively. The power, for instence, trensferred into the signal
circuit, edds to the power of the signal already there snd reinforces it.
Thus one has an amplifier. Power geins in the order of 20 decibels are
reasoneble. If the power input from the pump is incressed to the point
where more power is supplied to the signel end idler circults then re-
quired to overcome losses, the system will be regeneretive snd oscillate
at two frequencies simulteneously, one frequency near f; snd the other
near f_.

The mejority of the devices described to dete use the nonlinear
voltage-capacitence characteristics of back~bissed junction diodes s
their nonlineer reective element. Devices of this type heave been made to
operate successfully up to frequencies of several kilomegacycles per
second. Some.devices have also been mede thet use ferrites. The large
volume aﬁd large demegnetizing. fields of the ferrites used in the devices
that have been considered.so far necessitates high pump. power levels.
This sppears to meke them impracticel for extensive epplicetion in the
erea of perametric devices.

Thin films of meny megnetic meterisls which advantegeously use the
strong demagnetizing fislds normal to the plsme of the film end at the
seme time have low internsl losses becsuse of small volume show promise

for use ss nonliuear resctance elements. Deteils of the letter will be
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considerebly expended in leter sections of this thesis.

One of the adventages of nonlineer reectence devices is the possi-
bility of reletively low noise operation. Utilized es the first empli-
fying steges of sensitive microweve or other high frequency receivers,
vastly improved system performance is possible. Although not as low noise
e device as the msger, it is nevertheless possible to build a receiving
system whose receiver noise is at least comparesble to the sky noise from
en entenna system bsemed directly overheed. Some discussions of reletive
noise messurements ere given by Heffner (29, 30) and by Wade (32).

When & degenerate persmetric emplifier with only one resonent circuit
tuned to £f; = f_ = fp/2 is "pumped herd", the circuit will oscillate et
the frequency fp/?. Such sn oscillator can be in either one of two stable
phese stetes reletive to the pump. Once esteblished in one of these phese
gstates it will remain locked in this phese state until the pump emplitude
is lowered to the point where oscillations csn no longer be sustained.

A considerstion of this phenomenum led von Neumen (37) to propose
thet such devices could be used in microwsve computer systems (38, 39)
which he envisioned as operating &t millimicrosecond speeds. At the seme
time Goto (40) in Jepan devised a similar but a lower frequency device
using ferrite cores which he called a "parametron”. This has come to be
the accepted neme for a phese locked parametric oscillator oscilleting at
one-half the frequency of the pump. To dete several Jepenese ccmputers
have been constructed using logic circuits containing peremetron elements.

The highest reported pump frequency (40) is six megacycles per second.
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II. INVESTIGATION

A. Derivetion of en Inductance Equetion
for & Thin Film Inductor

1. Quesi-static model formulation of the inductence equatiom

In this section sn expression will be derived giving the inductence
velue of en inducter using e thin film ss & core maeteriel. This ex-
pression is appliceble et low frequencies where quasi-static conditions
exist. One starts this derivation with = considerstion of the emergies
thet ere of practicel concern in the theory of domein structures. Kittel
end others (1, 2) list four types of energy thet sre of importesnce in de-
termining domein structures: Exchange energy; enisotropy energy; magneto-
elestic energy; end megnetostatic emergy. Of these, megnetoelsstic energy
cen be considered negligible since 80-20 permelloy of which the films
being considered in. this report are mede hes & very low magnetostriction
coefficient.

The exchange energy is considered to result for the most part from
intersctions of electron spins. It is this energy which eccounts for most
of the megnetic cheracteristics of & meteriel and is the energy which
keeps the elementery megnetic dipole moments of the ferrcmegnetic e~
lectrons tightly coupled together so that they all tend to move col-
lectively. Rotetion of one gpin moment out of persllelism with the rest
of the spins requires sn expenditure of energy by the roteting sgent.
Since in & perfect single domein ferromegnstic structure where there sere
no domein wells, domein rotation is the only mechenism which allows mag-

netic changes to occur, the exchange energy is a constent independent of
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the magnetization orientation with respect to the crystellogrephic exis.
This leeves only the snisotropy and the megnetostatic energy as the
mejor energy contributions in the caese of single domain 80-20 permelloy
films. In the discussion of these energies reference should be mede to
Fig. 1(A). ¥or thin films of the orientation of Fig. 1(4), the anisotropy

energy density for 80-20 permalloy films has been found to be of the form

W =K sinzﬁf cosztp + K sinz(p 3

eniso
where § is the engle the magnetization vector M mskes with the rest di-
rection end K is the anisotropy constent of the material.

The magnetostatic energy density which is given by the negeative of
the scalar product of the total magnetic field intensity snd the megneti-
zation vector cen be divided into two parts. The first part is due to the
interaction of the magnetization-ﬁ with an external espplied magnetic field
ho= By by + ’a‘Y hp to give in terms of the oriemtation of Fig. 1(A) & meg-
netostatic ensrgy of

Wext=-_ﬁ-.ﬁ=-hRMcos¢cosqJ-hTMsinﬂfcosqa. 4

Here the @'s are wnit vectors along their respective coordinete axes. The

second part of the megnetostatic energy density is due to the megneti-
zation itself in conjunction with the shape factors of the sample inducing
demegnetizating fields in the materisl. In & general case these demeagnet-
lzing fields cen be expressed in terms of demagnetizing fectors N, Ny end
N, es

Edemag = {1/uo) (BN, + BN M, + BN M) 5
where Uy is the permeebility of free space and the M's are the camponents

of ¥ along the indicated axes. For & thin ellipticsel disc with the orien-



Fig. 1. (A) The schematic representation of & single domein thin film
illustrating the coordinate system and epplied magnetic
fields used in the accompenying enalysis

(B) The schemetic representetion of the thin film paremetric
inductor essumed in this thesis end using the film illus-
treted in (A)
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tation of Fig. 1(A), the demegnetizing factors are Ny = Ny = O end Np =
=l. The factors Ny end Ny remain small even when the actual sheape departs
appreciably from e pure elliptical shape. Since in this cese My = M sin ¢
and with Hdemag = -(l/p.o) M sin ¢, one can write the demagnetizing energy
density as

Wiomog = -fdemag c W= (1/n,) ¥ sine. 6
The totel megnetic energy density W for & thin single domein 80-20 permel-
loy film cen then be written as

W=XK sinaﬂ cosz(p - bpM cos ﬂf cos ¢

- hqM sin @ cos ¢ + (K + Mz/p.o) 8ino. 7

For given epplied fields hy and hy, M will rotate through the angles
ﬁf and ¢ until an equilibrium position is reached which will result in a
minimum value for the energy W. One cen see immediately from Eq. 7 that,
in the lossless quesi-static case being considered here, W will be minimum
when ¢ * 0. Even at frequencies of several hundred megacycles per second
where losses must be considered, the angle ¢ remains small., With ¢ very
small end still neglecting dynemie losses, the angle @ which minimizes W
cen be found by differentistion of Eq. 7 to give
8W/8¢=2Ksin¢cos¢+ hgpM sinﬁf-hTMcos)'Jﬂo. 8
Solving Eq. 8 for sin ﬁf gives
gin 4 = hi/(l + hi/cos 9 9
where one defines hj = hTM/ZK and hi = hRM/ZK.
Equetion 9 becomes importent when one considers it in conjumction
with Fig. 1(A) and with the physicel meeaning of the magnetizestion vector .

Since N, = = 0 end ¢ is small, the magnetic flux density in the thin

Ny
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film meteriel can be written using Eq. 1 es

B = ph +¥ = 8 (nhg + ¥ cos ) + 8y(uohy + M sin g). 10
Here ¥ cen be recognized as the contribution made to the flux density by
the presence of the meteriasl. Im single domain films in the orientation
of Fig. l(A), one cen therefore write the camponent of flux density in the
transverse direction as

Bp ™ pohy + M sin g. 11

The lsst term in Eg. 11 is reslly the intrinsic transverse flux

density B;jqp of the film =d cen be written in the form of
Byp/M = sin 4 = hi/(1 + h}/cos £). 12

One can now use Eq. 12 to construct a set of normalized chersascteristic B-H
curves for trensverse fields h,]':. using hy es e parsmeter. TFigure 5{a)
shows such & set of curves. These curves will be comnsidered in grester
deteil lsater.

The next step in the development of en inductance equation is to sup-
pose thet two mutually perpendicular windings are wound around the film es
indiceted in Fig. 1(B). Cell the outer winding with its exis along the
rest direction of the film the pump winding end the imnner winding with its
exis along the transverse direction of the film, the signal or trsnsverse
winding. Currents ip and ip respectively in these windings will produce
fields hy end hp in the film. Consider the flux linkege in the trensverse
winding of Fig. 1(B). If A is the cross-sectional area of the trsusverse
winding, A, the cross-sectional eree of the film, N the number of turns on
the trensverse winding end if the flux density is reassonably uniform over

the crosse-section of the film end likewise over the cross-section of the
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substrate, one can write, using Eq. 1l and the definition of flux linkage,

that

Ap = Nhughp + MM sin g

= Mpghy + A sin g 13

where Am = NA M is the meximum possible flux linkege contribution from
the materiel, For the csse where # is small, Eq. 13 reduces to

Ap = Mpgbyll + (A mi/Au he)/(1 + Be/2K)]. 14

The current ip in the trensverse winding end the magnetic field hp it

establishes cen be assumed to be related by the expression hy ™ Kplp.
Similerly the pump field can be related to the current in the pump winding
es hp = kpip. One now finds it convenient to define the new terms a, B

end Loas

o = AMnd/Ap by = AMP/Au 2K, B = kpi/2K end L, = NAuokp
where use haes been made of the definitions following Eq. 9. In terms of
these defined quentities, which will be used in the remainder of this
thesis, Eq. 14 cen be written es
Ap = Loipll + o/(1 + Bip)]. 16
The total inductence of the trenaverse winding cen then be define& end
written as
Lp = Ag/ip = Lol + o/(1 + Big)]. 16
One should teke note of the fect that if iy = I, is a d.c. current,
the product BI, will alweys be positive for sny but perheps the very
smallest values of Iy. If I, is of eny useable magnitude to serve ss, for

example, & megnetic bias current, then after e suiteble time it will be
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found that the megnetization of the film will have aligned itself either
slowly or repidly so that it lies along the direction of YIR, albeit in the
+x or the -x directions of Fig. 1(A). A + I, in the direction shown in
Fig. 1(B) will ceuse ¥ to lie in the +x direction. Reversal of T will
cause ¥ to reverse also. This cen be accounted for rather simply in the
equations containing M by substituting «M wlierever +M appears. Since B
hes the seme sign as M, reversing I, reverses the sign of B but not the
sign of PI,. This fact will be of importence later in the discussion of
the possible stable phsse states of a thin film parsmetron.

It can be seen from Eq. 15 that the flux linkage for smell angles of
rotation is directly proportionel to the current ip, regardless of the
timewise complexity of this current. Thus under the smell angle as-
sumption, the inductance of the transverse winding acts. es 8 linear ele-
ment whose velue is dependent upon the instanteneocus value of the pump
winding current but is independent of eny current in the transverse
winding.

To check the validity of Eq. 16 in & physicel situation, a system
such as indiceted in Fig. 1(B) was comstructed and messurements mede of
the signal winding inductence as e function of & d.c. bias current I in &
biss winding in parsllel with the pump winding as well as agasinst =
current I, in the pump winding itself. TFrom these dete, computetions were
made for L,, o snd B which would best f£it the dete obtained to & curve of
the form of Eq. 16. Figure 2 shows how well Eq. 16 actuelly does fit a
physical situation. These results show that over & bies current renge

which gives an inductesnce variation of more then 80 percent of the meximum



Fig. 2. The transverse winding inductence as & funotion of d.c. ocurrent in the pump winding
or in the seperste but parallel bies winding of an experimental thin film inductor
showing the transverse winding inductence to be of the form Ly = L [1 + o/(1 + Big)]



N o o S »
w o (¢ o (é)]

S!GlN“AL WINDING INDUCTANCE «
o

A5,0§:\= —
S | N | PUMP WINDING
_3\ \\ CURRENT- I,
\X\Z \\J\ Lr=1.68 [l + |+o.l6%i|7 I.,]
[ R R | 1
% \\\\ o—EXPERIMENTAL —
v — A0—CALCULATED —
e
I e
BIAS wu\loﬁcﬁf&\f\M
CURRENT-Ig ] 1
| ! NS\N“L“—EM}
L+=1.68 [l*' |+c;.'§|225 19]
720 160 200 240 280 320 360 400

O

e
e

PUMP AND BlAS WINDING CURRENTS (ma)

02



21

possible variation, the experimentel curve fits almost exactly the theo-
reticslly expected shepe. Only et very low bias current values where the
edges of the film begin to develop small parasitic domeins does the ex-
perimentel curve depart from the expected curve. Messurement of this in
ductence was made at 7.9 me/s on e Boonton Redio Corporation Type 160-A
Q-meter.

Suppose now that an r.f. current flows in the pump winding end a d.c.
current in the bies winding such that en equivalent current for the pump
winding cen be written as ip = Iy + I, eos wpt. Substituting this into
Eq. lé gives the inductence of the transverse winding es

Lp = Loll + o/(1 + BTy + BI, cos at)]. 17
Morecroft (41) shows that an expression of the form of Eq. 17 can be ex~
pended into en infinite series as

Lp = Lo[l + ao/z + i (-1)n 8, COs nmpt] 18

n=1
where defining
Y= 81/(1 + B,)

one lets n

oy 2q 1"1-3/2
(1 +p1,)V1 - y? Y

n-o’ 1’ 2’ o0 s

This definition of a, insures that it will always have a positive value.
Equetion 18 shows that current in the pump winding heving e sinusoidel com-
ponent will result in a periodically verying trensverse winding inductence

having the seme fundemental frequency es the pump es well as higher her-
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monic terms. Figure 3 shows how the coefficients ey of Eq. 16 vary es a
function of the pump smplitude persmeter Y. It is to be noted that the
harmonic terms are smell until relatively large values of pump current
emplitudes are reached. This factor is of importance when eny hermonic
upconversion techniques or very high frequency operation under high bies
conditions are to be considered.

Equetion 16 gives ean expression for the inductesnce of sn inductor
using e thin film es core materisl. ZEquation 18 gives a more restricted
expression of inductence, being valid only for the cese of a d.c. plus &
sinusoidal pump winding current. The next step is to compere the quesi-
static epproach of this section with e dynemic model approach using the
phencmenclogicel theory of Lendeu end Lifshitz (17) ss modified by Gilbert

(18).

2. Dynemic model formuletion of the inductence equation

In this section consideration will be given to a dyuemic model of a
thin film inductor in which losses sre considered as well ss the pre-
cessing characteristics of the electron spins at frequencies nesr spin
resonence. Starting with Eq. 13 as & good epproximetion for the flux
linkage in the transverse winding for smell velues of ¢, the reletions

hT = kTiT and ’lm = mmm a8 befors one can write
AT = wokplAly + ’\m sin 4 = Loip + AiT 19
where Ly ® pokeNA as previously end where ,lﬂ = /\m sin @ is the in-

trinsic trensverse flux linkage. The voltege induced in the transverse

winding cen then be obtained as
op = le/dt = Lodip/dt + Amd(ain g)/at. 20



Fig. 3. The coefficients of the time-verying components of the trems-
verse winding inductence es & function of the pump emplitude
paremeter Y
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Equetion 20 illustrates that the induced voltege in the transverse winding
cen be broken up into two 1ndépenden'b perts, the first part being the
voltage across an equivelent eir inductence having e value equel to that
of the tremsverse winding in the absence of any megnetic meterial in the
core. The second part is due to the presence of magnetic meterial in the
core. Thus the first part of the equivalent circuit of a thin film in-
ductor is & series inductance L.

Before the second part of the ejuivalent circuit can be determined,
the dynemic behevior of the rotetion angle § must be determined. The
starting peint is the Lendeu-Lifshitsz equation as modified by Gilbert (18)
which mey be written in MEKS wnits es

Mfat = VM@ XHE) + (SM)M X df/at). 21
In BEq. 21 'ﬁ is the saturation megnetization vector per unit velume as be-
fore, \J = p.og|e| /2m is the magnitude of the gyromegnetic ratio of & ferro-
megnetic electron, & is the phenomenological damping constent end T is the
totel effective megnetic field in the sa.mple.1 Before proceeding further
meke the assumptions thet the externel fields and the meximum sngular

frequency wp,, of interest are such that the following conditions hold:
(a) 91
(b) BREAL (<15 pohp/M 15 pohp/M K1
(¢) Hoopex/MV K 1.

lpor permelloy meterial approximate velues of these constants are
V 2 221 kilocycles per second per smpere turn per meter, $220.02 axd M
~~r 0.8«1.0 webers per squere meter.
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These assumptions are not particulerly restrictive but are quite useful in
simplifying some of the analytical expressions to be obtained leter.
Gillette end Oshime (13) show that for a single domein thin sheet

with the orientation end exciting fields of Fig. 1(A), the equation of
motion of the megnetization vector M cen be reduced to two sceler e-
quetions in the rotation angles # end . In en equivelent form, their e-
quetions cen be written es

affds + ofug + ( SAE) AW/ gm0l 0 22
and

ag/ds + 50/uy = (UAC)[M/of |gmol =~ 0 23
wherse aw/a¢|@,o = 2K sin ﬂf coes ﬁf + hRM sin ﬁf - hTM cos ;d and s =
VM/(1 +8%). It is to be recelled thet the term aw/ap!]q,.o is the
quantity equeted to zero in Eq. 8 for the quesi-stetic cese where ¢ was as=-
sumed to be zero. To separate Egs. 22 snd 23 to obtaein en expression in }D'
only, one cen talke the derivative d/ds of Eq. 22, multiply the result by
Bo end add this to $ times Eq. 22. If this result is added to the nega-

tive of Eq. 23, one then obteins

2 2
-d;-é...-é-gg.p.].'_:__é—- oW +.—5-.-d— W = O, 24
: ¢=0 ¢=0

When one performs the derivetive indicated by the last term of Eg. 24,
it is found that, within the limitetions imposed by essumptions (b) end (c)
ebove, this term cen be neglected since it is found to be very much smaller
then the remaining terms of Eq. 24. Equaetion 24 then reduces to

2 2 o

-j:-s-g-o--ps—%-&-}—jﬁé—[ZKsinp'cos ﬂ*-hRM sinp'-hTMcos ¢J=0~
() B

25
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This cen be rewritten as

Pdfas® s affas  2x(1 + $2) hgM/2K 1+ 82
+ — + 1+ sin ﬁ = —_—— hT-
cos ]b' Ko cOB }5 gomz cos ;Zf pM

26

Introducing the new veriable y = sin ﬁ - ,{ 11'/ Am, one hag then that

cos §=(1 - yz)l/z, dy/ds = (a4/ds) cos f#, end d%y/ds® = (a%@/das?) cos &
- (dg/as ¥ sin #d. Therefore upon solving for df/ds end dzﬂf/ds?' in terms of

¥, dy/ds end dzy/dsz, one cen upon substituting these into Eq. 26 obtein

2 ,
&Ly/as . S dyfds | yley/es 2

1ey? Holeypd (1«22

2K(1 + § 2) hgMt/2K 1482
4 ——— ] y =z
kM (1 - yz)l/z koM

Since the demegnetizing factors Ny and Ny ere essentially zero for the
£ilm shapes of interest here, the domegnetizing fields in the plene of the
£iim ere very smell. Therefore the instenteneous megnetic fields in the
film arise primarily from the instentaneous currents iy end ip flowing in
the trensverse and pump windings. As was done previously for the quesi~
static cese, these fislds mey be written to & good approximetion as hp =
kpip end hg = kpip. If these md the expression for real time © are

substituted into Eq. 27 one obtains after some minor rearrsngement

2

bo(i + 4 2) &Py/ax R dy/at . ol +4 2) y(ay/at)?
iV 1-9 k) 1.3 VM Q- 2

2K IMip

ARt 28
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From the definition of y end from the fer right hend term of Eq. 28
one sees that the term /\m dy/at = /\m d(sin #)/dt denotes an induced
voltage in the trensverse winding. In this light Eq. 28 cen be in-
terpreted s a node voltage equation for a parallel RLC eircuit. It is to
be noted that all these equivalent circuit components are nonlinear. It
is a2lso to be noted that under = small sagle of rotation assumption such
s that previously made in the quasi-stetic development, the inductance
part of this parallel circuit is identicsl to the term in Eq. 14 for the
film component of the quesi-stetic inductance.

If Eq. 28 is to be interpreted ss a node voltage equetion then it is
convenient to define the small signal electrical circuit paremeters C,
o(L + §2)/2 JepVM, 6o = §/\ pkpV end oL, = 2K/ pkpf = 2E/NA Mk
along with the quentities o, B end L, defined previously following Eq. l4.
In terms of these smell signel parsmeters, Eq. 28 can be written in the

more simple form
2
)

co,\ y?. 7z

+ G Ay —0—5
l-f -f
i
+ Aﬂ 1+ —&-T y = iT 29
where y' = dy/dt end y" = dy/at2.

Figure 4 shows the equivalent circuit implied by Eq. 29. The various
currents through the nonlinear elements ere shown. It is sssumed thet most
of the interwinding cepacitance offects cen be accoumted for by the
placement of en equivelent. capacitence scross the terminals of the in-
ductor.

The preceding derivation of Eq. 29 assumed thet rotatiomal processes
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alone were occurring in the film. 1In prectice the magnetizetion appears

to rotete homogeneously for moderate engles of rotation. Olson and Pohm
(11) give en engle in the order of 60 degrees as the approximeste limit for
essentially homogeneous rotation. For engles in excess of this, nonho-
mogeneous effects set in which are not included in the Lendau-Lifshitz
model used in deriving the equivalent electrical circuit of Fig. 4. Olson
end Pohm suggest that this nénhomogeneous effect might arise either from
the film completing its rotation one segment at & time or by a continuetion
of the homogeneous rotstion but with en ineressed demping factor as the
engle incresses. No attempt will be mede here to include these additionel
large sngle effects in the dynemic equation of a thin film inductor. How-
ever, it must be reslized that asny results obtained from the equivalent
circuit of Fig. 4 which indicete rotetion angles in excess of approximstely
60 degrees would in reality be modified by the presence of these nonho-

mogeneous effects.
B. Thin Film Inductors es Paremetrons

One of the simplest circuit configurations in which to use a thin film
inductor is @s @ phesse locked subhermonic oscillator, i.e., es & parame-
tron. All that is really required is & tuning capacitor across the termi-
nals of the trensverse winding to tune the transverse circuit to epproxi-
mately one-half the pump frequency and & sinusoidal source of pump current
of the proper emplitude. The paremetron operation using thin film in-
ductors will be discussed ﬁsing. two different epproeaches, one approach

using a graphical enelysis and being quite gqualitetive and the other being
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enalytical end much more quentitative but lecking the elementary simplici-

ty of the first.

1. A graphicel approach to the thin film paremetron

In a previous section, it was stated that one could use Eq. 12 to
construct a set of normelized characteristic B-H curves for the transverse
field using hi as & paremeter. Such a set of curves is shown in Fig. §
(A). If hy end hyp are simultencously known, the specific state of the in-
trinsic flux density cen eesily be found fram Fig. 5(A). Thus, if hy end
hp ere time varying functions, then, es they very, they will trace out a
path in the B-H plene of Fig. 5(4). 1If hg and hy are not simply related,
it is evident thet this path cen become very complex maiking any graphical
consideretions quite imprecticel. The paresmetron case, however, is quite
amiable to a grephicel epprosch. In this cese the pump frequency is ex~
actly twice the signal frequency. For & qualitetive discussion of this
cese consider a hp = Hj cos 2wt end & hp = Hp sin (wt + 8) to exist, In &
precticel situation & d.c. bias field parsllel with hp would undoubtedly
be present but for simplicity assume it to be gero. The qualitetive re-
sults are not affected by its absence. Shown on Fig. 5(A) are the paths
followed around the B~H plans for two different values of pump emplitude
for ths cese where the phsse esngle @ = 45 degrees. It is to be noted thsat,
except for the fact these paths are wasp-waisted, they resemble normal
hysteresis loops. The paths followed are counter clockwise such that the
ares enclosed alwsys lies to the left as is usual for ordinary hysteresis
loops. Conventionelly, the erea conteined within a hysteresis loop teken

in the counter clockwise sense is interpreted to be the positive energy



Fig. 5 (A) The normalized transverse direction magnetic characteristics of en ideal
single domein thin film es = parsmetric function of the normelized rest
direction magnetic field

(A-D) Some possible hysteresis loop exemples for & transverse winding current
with a frequency that is exactly one-half the frequency of the pump winding
current
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supplied per cycle by the exciting current source, in this instence, the
trensverse current source.

As the phese engle 0 decresses towerd zero but with the emplitudes of
the two fields remaining fixed, the area conteined within the hysteresis
loop will still be positive but will gradually reduce in value wtil at
@ = 0, the enclosed arees will be zero. This situstion is illustrated by
the solid lined curve in Fig. 5(B). As the phase angle @ goes negative,
the ares agein incresses. in velue., When © = «45 degrees, as shown in Fig.
5(C), it is to be noted thet the curves are identicsl in shape to those of
Fig. 5(A) but that the peth of travel is now clockwise. Wheress a counter
clockwise path around a hysteresis loop is interpreted ss energy béing
supplied by the signsel circuit to the magnetic meteriel, a clockwise path
is interpreted ss energy being supplied to the signal circult by the ma-
terial end its power source, the pump circuit.

As © goes still more negative, the ares once egein decresses to zero
as shown in Fig. 5(D) for the csse when @ = 190 degrees.

In all ceses of Fig. 5 the deshed curves illustrete the effect of in-
croasing pump smplitude. In most cases the result is a new stable loop
somewhet lerger then the previous one. In the case of Fig. 5(B), however,
incressing pump emplitude drives the film into the unsteble region where
the direction of the magnetization reverses. The effect of this is the
ssme as essuming thet the megnitude of the magnetizetion of Fig. (A) to be
negative. Then both @é end hi in Fig. 5(B) switch fram negative to posi-
tive valugs at the instent thé loop enters the unstable region. A new

loop will then be traced out in the B=H plsne. This new loop will have
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exactly the seme shape &s that of Fig. 5(D) end will be steble.

Then one exsmines the timewise variation of the trensverse flux
density =s illustrated in Fig. §, it is noted that in each case the funda-
mental frequency component is the seme as that of the signal frequency
while all higher order components. are odd hearmoniecs. Thus the voltage in-
duced in the trensverse winding will have & component at the frequency of
the input current. If one exemines this in detail, it is discovered that
the input impedence of the transverse winding as seen by the transverse
ourrent circuit conteins both ean inductive and & resistive component. 1In
the cese of Fig. 5(A), this resistive compouent is pqsitive but in the
case of Fig. 5(C) it is negative. The megnitude of this input resistence
is for the most psrt dependent upon the emplitude of the pump current and
to & much lesser extent upon the transverse signsl current.

Any lineer signel source cen be represented as an ideel voltege
source in series with & generstor impedence. If such a source is con-
nected to the terminsls of the tremnsverse winding, the totel resistance
arownd the complete circuit will either be grester or less than the re-
sistence of the generstor impedence slone, depending upon the relative
phese between the signsl end the pump currents. If the reactance of the
generetor impedence is capacitive so thet it tunes out the inductive re~
actance of the trensverse winding, the total resistance around the circuit
will determine the current flow in the signel eircuit. If the phesing of
the signal current results in & negative input resistance, current emplifi-
cetion of the signsl current csn occur. As the megnitude of this negative

resisteance approaches the meagnitude of positive resistence this smplifi-
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cation increeses without limit until the point is resched where the nega-
tive resistance equéls or exceeds the positive resistence. At this point
self-gustaining oscillations at one-half the pump frequency begin which
grow in emplitude until limited by o combination of losses and detuming
phese shifts in the pump and signel circuits. Such a system is, of
course, & phase-locked subharmonic oscilletor, potentially useful in ad-
dition to being e parametron computer logic element es e superregenerstive
redio frequency detector. A discussion of the latter will be meade leter.

The preceding quelitetive discussion illustretes how the presence in
the signel circuit of the signel of proper frequency end phese can causeo
energy to be supplied by the pump et the correct frequency end phese to
reinforce this signel. TImproper phesing cen likewise result in a2 loss of
signel power. The great dependence of signel gain (or loss) on the relae-
tive phese engle 6 is quite clearly illustrated.

One could now logically attempt to consider the case of multiple
currents flowing through the transverse winding sesnd multiple tumed
circuits graphicelly. This, however, would prove to be quite cumbersome
end, inesmuch es the preceding discussion hss been quelitative rether then

quentitetive, much more cen be gained from a more snalyticel epproach.

2. An enslyticel espproach to the thin film paremetron

A perametron is, as previously discussed, a subhermonic oscillator
phese-locked with respect to its a.c. power source. Since it is en oscil-
lator, one is interested in understending the conditions under which oscil-
lations will occur snd whet factors determine the oscilletion smplitude and

phese. Any sttempt to study these effects should start with the best model
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of the system eveileable. Inesmuch as the model of a thin film inductor
based on the Leandeu-Lifshitz equetion is much better then the gquesi-static
model, the equivelent circuit of Fig. 4 should be considered as a sterting
point. Assume that esn external cepacitence C end & conductance G ere
placed in parsllel across the terminels of the circuit of Fig. 4. It is
immediately apparent thet this system is exceeding complex from an ene-
lyticsl point of view since four of the seven elements in the equivalent

circuit of the parsmetron ere nonlinear.

a. The "linearized" parsmetron equetion In order to reduce the

camplexity of the anelyticel problem certein simplifying assumptions cen
be made. First it ¢en be assumed that the film is sufficiently biased by
e d.c, megnetic field parallel to the pump field so thet the spin reso-
nence of the ferromagnetic electrons occurs et & frequency very much
higher than sny frequency of interest in paremetron operstion. This
bissing is most easily sccomplished by & d.c. component of current in the
pump winding. Secondly one cen sssume that the series inductence L, is
small compered to the inductence due to the film end that the effect of
any smell gseries inductance will be only tc slightly modify the velues of
C end G thet must be used in an actuel system to operste in the meuner
predicted by the esnalysis. Third, one cen sssume thet the angle of ro-
tation of the magnetizetion vector remeins considersbly less then 90
degrees.

Under the essumptions of the preceding paregraph, the equivalent
circuit of the psremetron reduces to a single nodel circuit. The as-

sumption concerning frequencies requires thet the externslly sdded capaci-
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tence C be much greater then C,. The effective capacitence of the equive-
lent circuit then conteins only & very smell nonlinear component end can
be considered for ell practicel purposes &s being lineer. Likewise, if
the externelly added conductence G is very much lerger then the con-
ductence due to the film, the effective conductence of the equivelent
circuit cen be considered to be linear. The only nonlineer term remaining
in the equivglent circuit is thet of the inductence. These assumptions
reduce the equivelent circuit of the thin film paremetron to that shown in
Fig. é.

The node voltage equation for the equivelent circuit of Fig. 6 is

Cy" + Gy' + 111+ Pir =0 30
¥ aLlo 1 - yZ)l/é y
vhere y' = dy/dt end y" = d?y/at®. 1If it is now essumed thet
i'R = Ib + Z‘i Izr cos 2rat 31
r-
then Eq. 30 cen be written as
+ z cos 2at
G 1+8Iy | 1 M & Var
y' oyt 4+ T 5 + .3 [ y=0
C a 1+ BI 1/2
° b 1 -5
32

where [ snd ) are defined as the bias end the pump peremeters re=

spectively by the expressions

If o chenge of verisble is mede in Eq. 32 by letting wt * x asnd if the



39

+
Q
g

|
f————

>
3

2|

) |
] |
-—
-—

Fig. 6.

dy
d
|G= >\mG 'd—¥-

The equivelent circuit of a "linearized" thin
film peremetron



40

quentities w,2, Q and Qg are defined es

1+ Bl G )
2 T cvmrmrsovercasmm— B g B e
®o aloC ? end Q oC o %

then, upon dividing through by cnz, Eq. 32 becomes

o+ Zl ¥ cos 2rx
2 1 . = 2r

y“ + -“:9— ‘,r' + 9—0- y = 0
aQ, N 1+ BIy - y2)1/.2
33

where y is now y(x). Although suiteble for certsein numericeal celcu-
letions, Eq. 33 is still too complex for easy emelyticel investigetions.
Before any simplificetions are made, however, it should be noted that if
Y(x) is & solution of Eq. 33, then =Y(x) is elso a solution. However, be=
ceuse of the periodicity of the pump current «Y(x) = Y(x £ n). Since it
will be importent later, one should elso consider the question of re-
versing the algebraic sign of the b/‘zr's corresponding to odd values of r.
This is equivalent to substituting x = x' + n/2 into Eq. 33. Then if
ty(x) are solutions of Eq. 33, then fY(x') = f¥(x + n/2) = Y(x ¥ n/2) will
be solutions of the new equation. Primery intereat is concerned with the
case where r = 1. 1In such a cese reversel of the sign of b"z = X cen be
eccomplished in either of two ways, the first being simply to reverse the
phese of the puwp current by 180 degrees. The second method involves
simply the reversal of the d.c. biass current I}, or the equivelent provided
I, is of sufficient magnitude to cause the film to "flip", i.e., to rotate
its rest magnetization direction by 180 degrees. As discussed earlier,

this changes the sign of B lesving the product BI;, unaltered but chenging
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the sign of BI, end hence of Y.

b. The Hill-Mathieu approximation of the parasmetron equation Ir

the meximum value of y is restricted to reesonebly smell velues compared
to its meximum possible vealue of wmity, then to a good epproximation one
cen write

(1-y2r Y2 a1 afa)? + (580t 34
in which cese the differentiasl equetion of the parsmetron at low ampli-
tudes can be written es

Y+ (g/0R)y + (w0,/0)? [1 + z ¥op cos er] y

r=1
+ [ [+ i b/ér cos erJ {:(1/2)3,-3 + (5/8)y5} = Q. 35
r=1
At extremely low amplitudes of y all terms in y except the first cen be
neglected leaving
y" o+ (meQo)y' + (mc'/m)2 (1 + Z Yo, cos Zrz} y = 0. 36
r=]
If one mekes eanother chenge of veriable
y = 2 exp [-(0g/20,) ] 37

then Eq. 36 can be rewritten in the form of & Hill's equetion &s

" + (mo/m)z [1 - (1/40,02) + Z (21- cos er]z = Q, 38

r=1
If all the 4 terms except thet for r = 1 ere zero, Eq. 38 tekes on the
form of the well known Mathieu equation. The Mathieu equation is of

greetest interest in parsmetron analysis elthough Hill's equetion is of a '



more genersal nature.

Equations of both the Hill and Mathieu types have been extensively
investigated and reported by meny writers (42-47). Of greatest interest
in the paremetron investigation is the question of stebility. For
certein values of parameters, solutions of the Hill and Mathieu equations
exist which are stable, i.e., they are steady state solutions while for
other values of parsmeters, the solutions are unstable end either incresse
without limit or decay to zero. In terms of the paresmeters of Eq. 38,
these regions of stability snd instability for the Mathieu equation are
shown in Fig. 7(A) es the sheded end unshaded regions respectively.

Although the shaded regions of Fig. 7(A) represents a region of
congtant emplitude of oseillations for 2, it represents a region in which
eny small disturbence of y decays with time because of the exponentieal
term in Eq. 37 relating y end 2. If a system with damping is to oscillate
snd heve a nonzero output, then the dsmping, the tuning snd the pump
ampli‘bude'must be such that the system operating point lies somewhere in
unshaded region of Fig. 7(A)'; the alloweble aress yet to be determined.

Most references to the Hill's equetion write it in the form

£+ (6, + 2 :Ozt.cos 2rx) z = 0. 39
r-

The relation between the parsmeters of Eqs. 38 and 39 can eessily be seen.
The form of the solution of Eq. 39 has been teken by Whittaker and Watson
(42) and by MclLachlen (43, 44) es

z = exp (ux) Z By, exp (j2rx) 40

IrEex
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where j = \/ -1 and p is a constent which may be reel, imaginary or com-
plex. Upon substituting Eq. 40 into Eq. 39 end squating like terms in

powers of x, McLechlen (43) gives, provided & # (2r)?, the relation
sin? (Jun/2) = /\(0) sin?(n\/ e, /2) 41

where A(O) is sm infinite determinent which for the Mathieu case cen be

written
o 1 65/ (6,-16) 0 0 0 S
--= 8,/(8,-4) 1 0,/(6,-4) 0 0 -
Ay =|--- o 62/0, ) 52/6, N
- 0 0 85/ (0,-4) 1 8/ (0g=2) ===
- 0 0 0 85/ (84-16) 1 ---

0f greetest interest in the case of the parsmetron are the Methieu e~
quation solutions in the large V-sheped region of Fig. 7(L) nesr wnity on
the absecissa. 1In this region the paremetron circuit is resonant et ap-
proximately one-half the pump frequemcy, viz., w, ~ @ since wp = 2o, For
the cese of the Mathieu equation, McLechlen (44) gives for the steble
regions of Fig. 7(A) the two independent solutionms

215 = )3 by cos(m + f)x

b a0

Lo ™ 3 by sin(m + #)x

r--ﬁ
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where by snd g are resl constents dependent upon 8, and 83. In the first
stable region m = 2r end in the =econd stable region m = 2r + 1.

For the unstaeble region of Fig. T(A) between the first and the second
steble regions, the solutions for the Mathieu equation are given by

McLachlan es

(-]

Z)y = exp (ex) ;0 cp cos (mx + @p)

2o, = exp (-ax) ZO ¢y cos (mx = @)
r-

where in this regionm = 2r + 1. In Eg. 44, cp and ¢ are real constents
dependent upon @, end @2 end & is & positive reel number. From Eq. 44 one
sees that one of the solutions of the Mathieu equation experiences an
exponentiel growth. Thus one would expeect that & physicel system which
obeyed the Methieu equation would also heve, under certain conditions, an
exponential growth. A knowledge of the conditions under which this growth
occurs and the rete of growth is of interest in the parsmetron cease.

If one writes p es the complex number ¢ + JB where o and P are rsel
numbers, Eq. 41 for the case of the general Hill equation can be written

in the form

cosh on cos Pn + J sinh on sin fn = 1 - ZA(O) sinz(n\/;o/z).

45
‘Equation 45 holds for all possible real values of 6, and 85,.. With the
values of @5, restricted to having only reasl velues, A(O) is also slways
reel. A further restriction of @y to positive velues is of intesrest here.

One then concludes, since the right hend side of Eq. 45 is resal, thst
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throughout the region of positive @,, either sinh on = 0 or sin fn = O,
The first cese implies that ¢ = O so thet cosh on = 1. This condition re-
quires the right hend side of Eq. 45 toc have 2 value between +1 and ~l.
Thus, in the region where the right hand side of Eq. 45 hes 2 value be-
tween +1 and «1, the p of Eq. 40 is imsginery indiceting that the so-
lutions are steble end in the Mathieu cese of the form of Eq. 43.

In the regions where sin Bn = O, it is implied that B = 0 or %1 which
in turn implies that cos Bn = ¥1l, If the right hend side of Eq. 45 has a
megnitude greater then unity, one must choose the eppropriete value of f
to give the correct algebraic sign and determine the value of ¢ on the
besis of magnitude. Since the cosh function is symmetric ebout ¢ = O, the
gsolutions for o heve two equel values, one positive esnd the other nege-
tive. These values of ¢ correspond to the values of "a" for the Mathieu
solutions of Eq. 44. The dividing line between the steble end the un-
steble solutions of the Hill-Mathieu type of equations csn be seen to oc-
cur when the right hend side of Eq. 45 hes e magnitude of wunity.

The gteble regions for the Mathieu solutions have been extensively
studied snd tebulaeted, the most extensive teabuletion being under the
suspices of the U. S. National Buresu of Stendards (46). In contrast,
there is & deerth of available date on the unsteble regions. McLachlan
(43) in 1947 suggested that although none were sveilsble et that time, sn
extensive set of constant p curves would be of greet value in the applied
fields. In a lster publication, McLachlen (44) gives & relatively small
siged figure showing & few iso - @ curves but no tables. Meixner and

Schifke (45) in 1954 refer to some 1943 cslculetions by Kotowski (47).
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Kotowski's celculetions sre not very extensive snd, when compared with
those of the Bureeu of Stendards, sppesr to be slightly in error since his
unstable regions overlep into the steble regions of the latter. Since it
was felt thet a set of curves similer to constent u curves in the region
8¢ ~ 1 would be of value in persmetron design studies, the infinite de-
terminent of Eq. 42 wes approximeted by & 7 x 7 determinant snd values of
o end B celculated on the I. S. U. Cyclone for a portion of this region.
From these celculations the curves of Fig. 8 showing ¢ versus Y’ = 292
(w/mo)z for various values of 6, = (mo/w)z[l - 1/4 Qoz] were drawn.

In the immedietely preceding discussion solutions of z heve been con=-
sidered. However, y is proportional to the quantity of actual interest,
vig., the tremsverse flux linkege and its time reate of chenge. The
quentities y and z are relsted by Eq. 37. Even though z may be unsteble
and tend to increase without limit with increesing x, y may actually de-
cresse if the factor (mo/Zon) in the exponentisl of Eq. 37 is larger thean
o. The point where they are just equal is of considerable interest. TFor
pumping magnitudes less then this critical value, no oscillations in y can
ever start from zero initiel conditions elthough it will be shown leter
that under certain conditions, once started by the presence of suitsbly
large initlel conditions, steady state oscillations can set in and be sus-
teined.

Although there ere meny possible variants one could discuss relative
to the paremetron by considering the effect of independently varying w,
Wgs ¥ or Qy, the present discussion will be limited to the effect of

varying @ end ¥'. This meens thet the persmetron resonent circuit will be
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considered to remein fixed end only the frequency and emplitude of the
punp chenged. For a given vﬁlue of o;o/m end of Q,, one cen determine =
critical velue of | such that o = (wo/20Q,) = 0. Curves of constent Q,
are shown on Fig. 8.

A fixed paremetron tank circuit will have g specific velue for w, and

[+]

Qo+ If & Q4 curve of the same value is picked on Fig. 8, then any choice
of pump paremeters w and ) auch that the operating point of the system
lies on the right of this Q, line will result in en unsteble system end
oscilletions will sfe.rt to build up from any smell disturbance in the
system. If one calls the ¢ of the opereting point o, end the o where the
Qo curve crosses the (mo/co)z ‘curve, Go, then the growth will be at the
exponentisl rate given as exp[(c, - 5,)x]. If the operating point lies on
the left of the Q, curve, then any smell disturbence will eventuslly demp
out with an exponential rate given es exp[-(o, - ¢5)x]. Curves of
constent Q, are also shown on Fig. 7(B). An opersting point chosen ebove
the particular Qo curve of interest results in & buildup of oscillatione
while & point below this contour results in e demping of oscillations.

It is important in any consideration of parametroné ag computer ele-
ments to have some notion of the rate at which oscillation could be ex~
pected to build up. One simple way of expressing this is to state the
gain per ocycle, i.e., to state the ratio of the envelope emplitude et the
end of a oycle to that at the begimming. Since the period of this oscil-
letion is 2m, the gein per cycle is exp[2n(c, - o,)]. A scele relsting
gein per cycle to (og ~ '50) is shown in Fi‘g. 8. This permits an easy and

repid determination of gain per cycle to be made.
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Although it must be reaiized that the Mathieu approximation of thin
film persmetron operstion is good only at low emplitudes, it is neverthe-
less of consideresble value in studying the conditions required to start
oscillations end the initial retes of incresse of such oscillaetions. As
the amplitude incresses more terms in Egq. 35 must be considered. The re~
sultent equetions do not lend themselves to easy snalysis. With the I. S.
U. Cyclone avegileble it seemed aedviseble to attempt some numericel cslcu-
lations on this problem for certein values of peremeters snd for certein

initial conditions.

c. Some numericel solutions of the peremetron equation As a

first attempt st a numerical sclution, persmeters were picked so thet Eq.
35 wes spproximsted es

y' + 0.1 y* + 0.8 [1+ ¥ cos 2x][y + (1/2)y5] = Q, 46
Computetions were made for four different values of ¥, viz., 0.5, 0.4,
0.3 and 0.25, end for two different initisl conditions, viz., y(0) and
y'(o) equel =0.2616 snd 0.1634 respectively in one cage and -0.3355 and
0.2719 respectively in the second csse. It is to be noted that the ine
itlel condition velues in the first case are three-fourths those of the
second.

Figure 9(A) shows seven esnd one-helf cycles of a y = y' plot of the
solution for the case U ® 0.5 starting with the initisl conditions y(0) =
-0.2516 end y'(0) = 0.1634. It is to be noted that the magnitude of
oscilletion builds up more or less exponentially, overshoots somewhet end
then drops back in an oscilletory menner towasrd sn equilibrium emplitude.

Such y - y' plots sre interesting and provide e very good picture of



Fig. 9.

Solution and modulus (2nn) curves in the y - y' plene of the
numericel solutions of the "lineerized" psrsmetron equetion

y' + 0.1 y" + 0.8 + Y'cos 2x)(y + y3/2) = 0

18]
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whet is heppening as a function of time. However, they are difficult to
plot and, in a caese such as this where overshoot end e demped oscillation
ebout =n equilibrium finel peth occurs, they are difficult to follow once
plotted. In addition, a good y - y' plot requires a substential emount of
canputer time in just outputting sufficient results to make & good plot.
In the cese of periodic solutions where the y - y' plots during the growth
period are kmown to approximete exponentiel spirals, it is more convenient
to study the behavior of the solution at specific times relative to the
pump cycle. These times can be designeted es mod (2nm), mod (n/2 + 2um),
end so forth which simply meens modulus (7Z) = modulus (2nn), etc. Four
of these mod (Z) curves ere shown in Fig. S(A). It cen be seen that a
ressonable estimste of the y -« y' plot cen be obtained if one is given
nothing more then one of these modulus curves.

Figures 9(B), 9(C) end 9(D) show mod (2nn) solution curves for veri-
ous values of 7~ in Eq. 46 end for the two sets of initiel conditioms.
Figure 9(B) extends the mod (2nm) curve of Fig. 9(A). It is to be noted,
a3 one would expect, that after a few cycles the initiel conditions no
longer significelly influence the solution. Although the solutions for
different initiasl conditions do not have the sgme velue at the seme time
reletive to the pump waveform, they do follow slong the same modulus curve.
The spacing between the various dots end circles on the modulus curves of
Fig. 9 indicate the time of one period of @ or two periods of the pump
curreﬁt. One cen see from these modulus curves that the emplitude of the
solution is very similar to the under demped response of an ordinery perel-

lel RLC eircuit to 2 unit step input.
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It cen be seen from Fig. 8 that for zero initisl conditions, the
Methieu approximetion hes stable solutions for all velues of 7 cited
above end that sny smell disturbance in the actual system would gradually
demp out. However, Fig. 9(C) shows that depending upon the emplitude of
the initial excitation, solutions of Eq. 46 either decay or build up.
More will be mentioned on this "threshold excitetion" later. Figure 9(D)
shows three mod (2an) plots of demped solutions of Eq. 46.

The finel rest velues of the growing solutions of Fig. 9 are much in
excess of unity. Since y = 1 is the maximum possible value of y, it is
evident that neglecting powers of y greater than y° in Eq. 35 leed to sub-
stantial errors in determining the saturstion smplitude. Subsequently the
fifth power of y in Eq..35 was added to the program. Numerical calculation

on the equetion
y* + 0.1y' + 0.8 [1 + 0.5 cos 2x][y + (1/2)y® + (3/8)y°] =o0

47
wes made. The mod (2nn) for this solution is shown as (b) in Fig. 10. Ad-
dition of the fifth order term reduced the maximum value of the amplitude
of y but y was still in excess of wmity.

The next step wes to modify the progrem to ineclude the square root in
Eq. 33 without the necessity of expanding es in Eq. 34. Numericel calcu-
lations were mede on the egquation
1+ 0.5 cos 2x

W y = 0. 48

A mod (2nm) curve for this solution is shown es (¢) in Fig. 10. This so-

y" + 0.1y* + 0.8

lution elso exceeds the limit y'™ 1 somewhet during overshoot but not
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persmetron es given by Eqs. 46, 47 snd 48
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nearly to the seme extent as the previous solutions. For comparison
purposes, the first portion of the solution for Eq. 46 for the same in-
itiel conditions is shown as (a).

The fact that the peak amplitude of the solutions for y in all the
foregoing proposed paremetron equations approach or exceed the value
unity, invelidates the asssumption mede esrly in this discussion to the ef=~
fect thet the meximum engle of rotation of the magnetization vector should
remein considerably less then 90 degrees. In an attempt to find a para-
metron equetion which might more nearly describe the actual device, the
idea of & "lineariged" parsmetron equation wes dropped end reference made
to the model of & thin film inductor depicted in Fig. 4. If one agein as-
sumes that the air inductence Ly is small end cen be ebsorbed into sn ef-
fective value of capecitence C end conductence G in parallel with the non-

linear elements of Fig. 4, he cen obtain en equation in y of the form

"o, 1 "yz +G0/G Do '+_C_2 Y(Y')z
1-y3+co/cm‘~'iay C (1-y2)Q1 -y +c/C)
. C+ Cy , fxqz 1 . M+ Y ecos 2x| ¥(Q - ¥) -
c (m 1+Bly (1 .42)0/2 |1.42. co/C

49
where w, is the low level resonant esngular frequency of the parametron tank
circuit and where the other parsmeters have the ssme meaning as in the
previous discussion. One might call this the "dynsmic model" parsmetron.
It should be noted thet the discussion following Eq. 33 concerning the
verious solutions Y(x) spplies equally well to Eq. 49.

The computer progrem wes egsin modified to hsndle Eq. 49. The large
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number of paremeters in Eq. 49 mskes eny genersll discussion of the possi-
ble solutions very difficult. It was decided too limit the study to so-
lutions for which GO/G = CO/C = 0.1, Figure 11 shows the growth character-
istic of the solution of e highly bissed paremetiron for the cese (1 + CO/C)
(a)o/m)z = (mg,/m)2 =1, M=1, ¥=0.4, Q, = 9,55 end I = =. According
to Fig. 8, this equation should grow from zero i.nitiel conditions with a
gain per cycle of asbout 1,23. A y - y' plene pl.ot of this soclution is
shown in Fig. 11(A). Since during the growth pe:wriod the path wes an expo-
nentiel spiral, one cen see that a fairly good i{ndication of the growth
rate of the solution can be obbteined by plotting; the radial distance from
the origin to the various points on the mod (2nn!) curve corresponding to
integer velues of n. Such & plot is shown in Fi.g. 11(B) both on a linear
and on a logarithmic scale. The logarithmic scaile indicates that the so-
lution not only has an exponentisl growth es exp-ected but that this expo-
nentiel growth continues into the overshoot regiron. Messurements from Fig.
11(B) indicate the gain per cycle for smplitudes of this maegnitude to be
about 1.26. This is in good agreement with the  1.23 predicted by the
Methieu epproximation.

A rerun of this problem sterting with en im:itiel condition of y(0) =
-0.0001 end y'(0) = 0.0001 geve 2 gain of 1.21 peer cycle in the very low
smplitude regions. The choice of Co/C = 0.1 is yprobably quite large end
thet in practice, a much smaller ratio would be eobserved.

For & pump paremeter "o/of 0.4, this eircuift requires no threshold
excitation but will build up from zero initial ceonditions. Reference to

Fig. 8, however, indicates thet if (wc'/m)z were to be changed from 1.0 to



+-04

Fig. 11. The growth charscteristic of e highly biesed "dynemic model" paramé_t’fi?bh‘obeying the

equetion

y" + 0.1y' + 0.1y(y')2/(1 - ¥*)(1.1 - y2) + (1 + 0.4 cos 2x)y(1 - yz)l/z/(l.l -y3) =0
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0.8, the system would not build up oscillations from zero initial con-
ditions. In order to investigaste the threshold conditions in such s cese
numerous computer cslculetions were made for e highly biased parsmetron
with the parameters of Eq. 49 heving velues of (mg/b)z = 0.8, Iy = =,
["=1 and 7 heving values of 0.25, 0.3, 0.35, 0.4 and 0.5. A portion of
these results are shown in Fig. 12, The set of mod (2nn) curves of Fig.
12(A) show quite clearly the presence of & threshold exeitation level for
the cese ) = Q.4. A similer curve for Y = 0.25 is shown in Fig. 12(B).
From & number of y « y' plots such es those of Figs. 12(A) end 12(B) one
cen meke & y - y' plot of the excitation threshold for various values of
Y &s illustrated in Fig. 12(C).

The numericel celculetions were allowed to proceed until a final
steady stete amplitude was reached. This emplitude was found to be very
neer wnity in vealue. A y - y' plane plot for o complete cycle of steady
stete parametron oscilletion wes celculated for this final velue of ampli-
tude. This is shown as the large nearly circuler heevily lined curve of
Fig. 12(A). Flanking this curve are two true circles for comparison. The
fect thet this is nearly circular indicetes thet the oscillation waveform
of a highly bissed paresmetron should have & very low hearmonic content if
Eq. 49 is & reasonably good mathemsticel representetion of it.

Attention should be called to the fact that the modulus curves of Fig.
12 are exactly duplicated by another set in the lower helf of the y - y?!
plene. This second set can be obteined by simply rotating the first set
180 degrees around the origin. In view of & previous discussion following

Eg. 33 concerning & reverssl of the biss, it cen be seen that biss reversel



MOD (2nT)
CURVES

A y-y' PLOT OF
ONE COMPLETE
CYCLE

GROWTH

P n Il 4
+ t

-06 -04 -02 O 02 04 O

Fig. 12. A study of the threshold characteristics of & highly bissed
"dynemic model" psremetrcn obeying the equation + 0.1y' +

0.1y(y')2/(1-y2)(1.1-y2) + 0.8(1+ TcosZX)y(l-yz)g/z/(l.1-y2) =0



60

will result in two more sets of modulus curves identical to the two above
but rotated about the origin 90 degrees from them.

The requirement that excitetion must exceed a certein threshold be-
fore self-susteining oscillations set in and the fact thet two different
steble oscillation phese states of the same amplitude but differing in
phase by 180 degrees leads one to predict the possibility of & three state
device, i.6., 8 device with s stable (+) state, a steble zero state snd a
stable (~) stete, If bies reversal is permitted, a five stete device is
predicted.

The preceding snelysis barely touches the surface of the possible
calculations thet can be mads. Future calculations are plenned in which a
study will be made of the effects some of the other paresmeters in the e-
quation have on the gein per cycle, the threshold excitetion levels re-
quired to induce oscilletions and upon.the final steady state smplitude.
Future studies are also plenned in which an attempt will be mede to ex~
perimentally check the validity of the equivalent circuit of the thin film
inductor of Fig. 4 and the rsnge over which it spplies. Some additionel
terms may be required to take into account the nonhomogenous effects at

large rotation sngles thet are known to exist but which have been omitted.

3. Experimental verification of the thin film persmetron operstion

To experimentelly verify some of the results of the preceding anely-
sis, & thin film parametron was constructed from e three millimeter square
section of & 6000 engstrom thick 80-20 permalloy film deposited on = six
mil thick gless substrate. This was wound with 35 turns of No. 40 copper

wire to form the transverse winding of the paremetron inductor. The
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meesured inductance of this winding wes epproximately 1l.65 microhenry, ap-
proximetely one=half of this inductence attributaeble to the film. A pump

winding consisting of 62 turns of No. 40 wire with its centertep grounded

. ;Wes wound in a flet solenoid in such & menner thet the trensverse winding

agd £ilm could be ingerted mutually perpendiculer to it in the mamner

indiceted schemeticelly in Fig. 1(B). The pump winding wes driven in
push=pull by two Fairchild 2N6S7 trensistors which could be gated on and
off by o squsre weve pulse from & Hewlett-Packard 211 Square Wave Gener-
ator. A Hewlett~Packard 150A Oscilloscope was used to display the pera-
metron waveforms. Megnetic bies wes supplied by a smsll horseshoe magnet
placed aspproximately two inches from the film.

The parsmetron was observed to funption at & pump frequency of sbout
25 megacycles per second. However, synchronizing problems with the e-
quipment evailable. proved quite difficult so that the pump frequency wss
lowered to 14.3 me/s. The Qo of the paremetron texk circuit was measured
to be sbout 12, Figure 13(A) shows the geted 14.3 me/s, 16.4 volt pesk-
to-pesk pump voltage across one side of the pump winding. TFigure 13(B)
shows the exponential increase, the overshoot and finelly the steady state
level followed by the exponential decay of the 7.15 mc/s parametron tenk
voltage as the pump was gested on end off. Figure 13(C) shows on en ex-
panded scele o portion of the exponentiel rise of Fig. 13(B) superimposed
over the weveform of the pump. Meesuremente from Fig. 13(C) give a value
of between 1.55 end 1.£5 for tiae gain per cycle. It was found experi-
mentally thet the circuit would barely oscillate when the pesk-to-pesk

punp voltege across one side of the pump winding was 5.5 voits, i.e., ot
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Fig. 15. The gain, saturation and decay characteristics
of en experimental thin film paremetron
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one-third the velue uged for Fig. 13. With this informetion one cen com-
pere this experimentel velue with the initiel gsin per cycle expected on
the basis of the Mathieu approximstion. One first determines the differ-
ence in ¢ between the point where the Q, = 12 curve touches the (cuc/m)2 -
1 line to @ point alsc on the (mo/o))z = 1 line but for & 7" three times as
greet from Fig. 8, i.e., one first determines o, - '50, which in this case
is about 0.080. On the conversion scale of Fig. 8 ocne finds & predicted
gein per cycle of sbout 1.656, in ressonably good sgreement with the ex~
perimental vealue.

Figure 13(D) shows the relative phese of the pump and oscilletions at
saturetion. Whereas in Fig. 13(C) where oscilletions are just beginning
the peak of oscillation occurs et the seme time ss & peek in pump empli-
tude, it is essily seen in Fig. 13(D) thet at seturation the oscillations
lead the pump by aspproximately one-eighth of a cycle of oscilletion.

When the frequency of the pump wes raised from 14.3 to 15.6 mc/s but
without any corresponding retuning of the parsmetron tank circuit, it was
observed thet it required s pesk-to-peek voltege across one side of the
pump winding of approximately 18 volts before oscillations would steart.
Once sterted, however, oscillations were susteined until the pump voltage
dropped to spproximstely one-helf this value. The paremetron has & rather
lerge hysteresis with respect to pump smplitude.

One would expect from Fig. 8 that chenging the pump frequency would
require g substentially greeter pump amplitude for oscilletions to start.
Since for a Q4 of 12, 1t required 5.5 volts pesk~to-peak for oscillations
o start in & resonant parsmetron tank, ome would predict from Fig. 8 that

for & (wo/m)z = 0.84, a voltage of
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5.5 x (0.435/0.165) = 14.5 volts peek-to-peek
would be required. This is in good agreement with the experimentasl re-
sults sbove when one considers that en increese in frequency results in e
lowering of pump winding current for a given voltege. Assuming & pure
inductence for the pump winding, a correction for this frequency gives a
required voltege of

14.5/(0.84)2 = 15.8 volts posk-to-pesi.

To facilitete synchronizing the osecilloscope, messurements of various
phese states were mede with the parametron tenmk circuit resonent at mo/én
= 2,75 mo/s and &t & constent pump emplitude. Figures 14(A) end 14(C)
show the 5.5 me/s punp voltage for the condition o = w,. TFigure 14(B)
shows the two parsmetron states ¥Y(wt) discussed earlier following Eq. 33.
Reversing the bias, in this cese by simply roteting the small horseshoe
biss megnet, results in the two parametron stetes shown in Fig. 14(D). It
is evident thet these latter two stetes correspond to the stetes f¥(wt +
n/?) thet were also discussed following Eq. 33. Thus, for & given pump
emplitude snd phess, a parsmetron oscilleting et resonence heg four posai-
ble steble modes.

The frequency of the pump wes then increesed to 6.1 mc/h. Figures
14(E) and 14(G) show the pump in this csse. The smplitude of the pump end
the tuning of the paremetron tenk were not chenged. Here the “threshold”
charscter of the psrsmetron is quite well demonstrated. The streight line
of Fig. 14(F) indicetes the stable zero output stete. When the emplitude
of & signal induced into the paremetron tenk exceeded a certain criticsal

velue, oscilletions sterted which built up into either the (+) or the (-)
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Fig. 14. Oscillogreams illustrating the steady-state outputs
of an experimental thin film paremetron
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phese of Fig. 14(F). Figure 14(H) gives en indicetion of the threshold
emplitude required to trigger the paresmetron into oscillation. When e
signal slightly different in frequency from one-half the pump frequency is
coupled into a nonoscilleting paremetron tenk, parametric emplificetion
occurs. This emplification, however, is very phase sensitive. This gives
rise to the beat note weveform of Fig. 14(H). When the incaming signal
exceeded the amount shown, oscillations set in end the parametron output
ineressed rapidly to the saturation emplitude shown. Here again, re-
versing the bias gives two additionsl stable phese steates displaced 90
degrees from the other two; five stable states in sll if biss reversel is
permitted.

The experimentsl results reported here are in & large messure due to
Pohm. These experimentsl results slong with others end & simpler but less
eccurate formulstion of the parsmetron problem are currently being
published elsewhere in an article in which this writer is one of four

euthors (48).

4. Summery comments on the thin film paremetron

In the discussion thus far, some of the technicel sspects of indi-
viduel pareametrons have been comsidered. The applicetion of severel para-
metrons in & circuit to perform & logic function hes not been exsmined,
such & topic being considered beyond the scope of this thesis. With a
computer element of this type, one should be eble to achieve & degree of
logical flexibility not normelly found in & simple computer element. Weys
end meens for utilizing these elements in logic circuits are currently

being studied (50, 61).
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There are & number of facets of the thin film paremetron problem
which as yet remain unexplored, particularly from en experimentsl view-
point. One of these is the gquestion of high frequency operation. An a-
nelysis of the problem .of operating a paramgtron in the frequency renge of
100 to 500 me/s has been considered by Pohm with this writer end others eas
coauthors (49). Usingana.nalysis édmewhat more simplified then thet used
here, it wes shown thet operation in this frequency range should be fessi-
ble. Strip line construction techniques are proposed. ,

With 80-20 permelloy es the film meterial, operating ‘f‘i%equencies in
excess of 1000 mc/s sppear doubtful. In order to keep the operating
frequency below the electronic resonence frequency, reletively high bias
fields are required. This then requires high pumping fields which place
substentially higher power requirements on the pump source. Wherees the
losses in the tenk circult of the persmetron and in the meterial amounted
to only about three milliwetts for seven me/s operation, it is estimated
thaet losses would be in the order of 10 to 20 milliwatts at 500 mc/s. A
continuaetion of the work described here will include a study of the thin

film paremetron operation at these higher frequencies.
C. Thin Fih':Inductors as Paremetric Amplifier Elements

In addition to parsmetron operation, which is in reality e degenerate
type of parsmetric emplifier operating under oscilletory conditions, thin
film inductors cen be used as the nonlineer reasctesnce elements in para-
metric emplifiers. In this section, some consideretions of such an appli-
cetion to negative resistance, lumped constent paremetric esmplifier

circuits will be given for the cese where the maximum angle of rotation ¢
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of the megnetization vector ¥ is small and where the meximum frequency of
operation is low enough that the slements shunting the nonlinear in-

ductence of Fig. 4 cen be neglected.

1. Multiple component small transverse signel inputs

With & single frequency pumping field, assume the inductance of the
transverse winding is given by Eq. 18, the quesi-stetic expression for in-
ductence under the asssumption of smaell angles of rotation. Consider the
somewhat restricted case where the only transverse megnetic fields in the
film erise from currents flowing in the trensverse winding itself rather
than in & parsllel winding. Further, suppose thet this current conteins
meny different frequency components, not necessarily harmonicelly related

such thet the current cen be expressed as

ip = mgo I, sin (ogt + 8p). 50

The flux linksge in the trensverse winding is then found by teking the

product of Eq. 18 and Eq. 50 to give

AT = L, [(1 + ag/Z) + Zl(-l)nan cos mpf] [}:OIm sin (ont + Gm):\
n= m=

= Lo(1 + ao/a) Z I, sin (ot + 6p)

n=0
+ L, z:L':l ::éo (+1)%ayIy cos mgt sin (b + 8y).
51

The latter terms of Eg. 51 csn be written as
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cod o

Lo 2. _0(-1)nen(lm/2) [un[ (mag+ay Jt+6y) - sin[(mp-mm)t-em]] .

n=l mw
Substituting this into Eq. 51 end then teking the first derivetive with
respect to time gives the induced voltage in the transverse winding as

ep = + Lo(l + 85/2) ) Inmy cos (ot + 6y)

m=]

t 1o L 2 (=1)enly/2 [(mpmm)'.t:oq { (no;QM)MOm]
n=1 m=0 ' e
- (nop=wy) cos [(mp-%)t-em]] .
B ~. ' 52

Suppose thet one now considers the power input to the trensverse

In doing this consider the winding resistence to be exbernal to the
winding itself. Call the current component of interest j_i—si where ig * I,
8in (wg + 85). The instenteneous power input to the trensverse winding

due to this current is pjp.g ™ igep where ep is given by Eq. 52. Teking
this product and expanding by trigonometric identities gives

Pin-s = Lo(l + 86/2) ¥ an(TIy/2) [mn [ £ ag)t + 8y 2 esl]

m=1

$ Ly 0 L (=1)Pe(TgIn/4) lii(nmp + wp) sin

n=1l m=0
[(mny + oy £ oag)t + 6, ¥ 0,1 F (o, - o) sin
[(mop = o 2 gl = Oy * 95]}
63

where the upper signs go together aud where both the upper and the lower
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gigns must be included in the summation.
The average power input to the transverse winding supplied by the
source of the current iy can be found from Eg. 53 by use of the integral

T
Pipes = nTm_M(l/z T) f Pin.g dt- 54
‘ L

It can readily be seen from Eq. 53 that the average power. input to the

;u:es of Nend M

transverse winding will be zero unless there are certg
where forn ®= N and n = ¥, & given 8 will meet at le'ggfgf;}f«', (-] “of the follow-
ing six conditions:

(8) ayy = Zog

(b) oy = T(Nop + wg)

(¢) ay = Z(Nop = o).
Since 211 frequencies are assumed to be positive real, the conditions
given by the negative signs of (a) end (b) cen never contribute to the
average power input. In addition, wmless wg= Neop the negative sign of (c)
can not contribute. Likewise unless msENcoP, the positive sign of (c) does
not contribute to the average powsr. If i; is the total current at the
angular frequency wg flowing in the transverse winding, one has for con-
dition (o) thet M = 8. In such & case 6y = 8y and hence the first term of
BEq. 53 contributes nothing to the average power. TUnder certain conditions,
however, all the current at wy ™ wg may not be e direct result of the
current iz from the source. In this cese one must consider whether or not
M = 8 whenever the condition ay ™ wg arises. There now are three other

conditions to consider, viz.,
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(b%) oy = Nop + oy

(') oy = Ny, = oo

(e") ayr = wg = Noy,.

A genersl considerstion of all the facets of these conditions is well
beyond the scope of this thesis. However, if the aubscrip-t s»is taken to
indicate sn externelly supplied sigual, thez thres ce.ses ‘. a,rla,i of '\:p':ractical
interest, vie.,

(1) wy = Bop + og and wyr = Fop - oy when g <K Fop
(i1) wy = Nmp - wg When wg "‘<‘No)p and/or
apy = =Nop + wgt when wgr = Ny
(111) oy = Nep = wg when wg { Nop.
Cases (i) end (ii) indicate the possibility of using thin film inductors
as suppressed carrier bslenced modulators snd demodulators respectively.
A discussion of the first of these possibilities will be postponed until
leter and a discussion of the second will not be attempted. The relation-
ships in (iii) are the same as those given by Rowe and Ménley (35, 36) for

the cese of nonlinear reactence parsmetric emplifiers. A consideration of

the smplifier possibilities follows next.

2. The thian f£ilm inductor in a parsmetric amplifier

It is customery in analyzing paremetric smplifiers to assume thet the
tuned circuits in the system prevent current flow from all but & very few
of the grest many harmonic and interproduct voltages induced by the action
of the nonlinear element. This assumption is mede in the interest of

simplicity snd eese of anelysis. Here also in the interest of simplicity,
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it will be essumed that the circuit elements external to the thin film
inductor so restrict the flow of current thet only the two currents ij and
iz of Eq. 50 which have the frequency relationship wj + wp = Norp can flow
in the transverse winding, all other currents at other frequencies being
negligible. Using Eq. 54 to evaluate the time average of Eq. 53 for this

condition end noting that o) = Fup - w3 end thet wp = Nay - @), one has

Pioo1 = (LYY et (1,1,/4)g sin (6 + @) 55
and

Pypo = (1) eyl (1372/8)0p sin (8 + 85). 56
It is also customery in cireuit theory to associste a resistence with the
concept of power. Therefore sssume thet the resistive component of the
input impedance to the inductor at ©y is Ry,.; end at ey is Rjpn.2. The re-
spective powers et these frejuencies cen be expressed es Pjp.] = (1/2)112
Ryp-1 ad Pyp o = (1/2)I5% Ry, . Then these are equsted with Egs. 55 end
56 one hes an expression for the input resistesnce as

Ryp-1 = (1/2)(12/11)(-1)N+1m1aNL° sin (07 + &) 57

Rypez = (1/2)(13/15) («1)¥ dopeyl, sin (85 + 85). 58

In terms of the simplified system with only two currents permitted to

flow in the inductor, and subject to the condition that oy + g = Nmp, one
can re-sxemine Eq. 52. Equation 52 can be reduced in complexity by this

simplificetion and then upon performing & trigonometric expansion and the

collecting of similer terms onme heas
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op = Tyc08 (myt+0y ) (wLy)[ (1+ay/2 )= (=1)¥ay(15/21; Jeos (6,+85)]
+ I;8in(eyt+0; ) (0L, ) [ (-1)M ey (1,/21; Jsin(6,+6,)]
+ Ipcos (wgt+@y ) {malg ) [ (1+2,/2)- (-l)NaN(Il/Blz Jeos (03+63)]
+ Ipsin(wpt+8p) (wpLo) (1) ¥ lay(11/215 )sin(6;+6;)]
+ higher frequency terms.
59
Compering Eq. 59 with Eqs. 87 snd 58 one notes thet the coefficient of the
trensverse winding voltege components in phese with the input currents i,
and 15 is simply what wes identified in the earlier eqiiations es the re-
sistive component of the input impedance of the transvers(e::}yliysli}é; The
coefficient of the components of trensverse winding voltege that. is S0
degrees out of phese with the input currents cen then be identi;tigd as the
reactive components of the input impedance, the higher ‘frequency terms
being neglected. The rsactive components of the input impedence of the
trensverse winding at the two angular frequencies wj and wpy are then
Xin-1 = @1Lol (1 + 2/2) = (1/2)(12/T1)(-1)Vay cos (87 + 63)]
60
end
Xypez = apLol (1 + 8,/2) = (1/2)(13/15)(-1)ay cos (8; + 65)].
61
Suppose the transverse winding is now connected into a circuit such
thet looking beck into the circuit from the terminels of the transverse
winding one sees at an angular frequency of mj & resistance R; end a re-

actance which is the negetive of Eq. 60 and at wy & resistence of Ry end e
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reactance which is the negstive of Eq. 61, The total impedance around the
system to the current i; flowing in the transverse winding will be a re-
sistence Ry = Ry + Rypn.] end to the current iz a resistence Ryt = Ry +

Ryp.2. If an equivalent voltage source e; at an anguler frequency of w3

" ceuses the current i3 = Iy sin (o3t + 07) %o flow in circuit I including

the trmévéféé Awi‘.nding, end if the only voltage source in cireuit II is
stray pickup and thermel noise so that the megnitude of eny iz is very
small, it will be noted that Ry will essentielly be equal to Ry end that
Rip.2 Will be very much larger then Rp provided sin (83 + 62) #0. It is
not difficult to visualize that there will be momentary transient currents
in circuit II which will heve at some instent the proper phase @5 to make
(-1)™1 gin () + @) negative, thus meking Ryy negetive end causing the
momentary current is to incresse. Since Ryp_1 has the seme sign as Rj,_ 5,
Ry will then decreese allowing ij to increasse, which in turn incresses ij,
and so forth until en equilibrium point is resched where R + Ryn.z = O end
i = Ip sin (wot + 82), wy = Nr.up - m3. During this fbﬁild_ up prolce‘bss, the |
phese angles‘ o1 .a‘z;d szay shift sémewhat from their inifia_l velues &s a
result of de‘t:u‘n.‘i'nvgﬁchanges occurring as the reactance end resistence in the
circuit chenge. In the terminology of peremetric smplifier prectice,
circuit I ebove 18 called the signsel cirouit and circuit II the idler
circuit.
Since Ry + Rypn.2 ™ O, one cen solve for the terms common to both Rj

end Ryy end obtein 2t equilibrium

(1o/11) (Ro/axp) = (1/2)(-1)Veyl, sin (6; + 65). 62

Substituting Eq. 62 into the expression for Ry gives
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Ry = By = (/I3 )% (£1/£2)Rs. 63
¥rom Eq. 62 one cen see that since the inductance coefficient ey incresses
with increasing pump current, the retio (Ig/Il) will likewise incresse es
the pump current inc:jeases. Equation 63 then showz that the total re-
sistence in circuit I will decreese ss pump current incresses. This de-
creese in the resisteance of circuit I will give rise to an incresse in Ij.
For & given lncresse in pump current, the exact magnitude of this incresse
will be very dependent upon just how well the resctance elements in circuit
I are tuned out.

If one is interested in amplificetion at the signsl frequency f; =
®1/2n end if it is essumed that the useful load mekes up the majority of
the resistance Rj, then & messure of the power gain at f; cen be mede by
calculating the Ille velues with end without the pump on. A simple alge-
braic computation gives the ratio of power with pump to power without pump

as
1
I,%Ry/f5
115}11/1'1

relative signal power gein ™= 5 - 64

If instead the system is to act as & frequency sccnverter end if the

resistence Ry is the load, then & messure of the conversion gein of the
system is the retio of the output power at the idler freqtiency £y = m2/21x
to the signal power input et f]. Agein a simple computation gives this

gain as
£2/1q
[1R1/1y
I,%Ry/f5

relative converter power gein =
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Equetions 64 end 65 do not appear to be of any great velue in com-
puting power geains in a practical situation because of the difficulties in
determining the ratio of the two currents. These equetions do show, how-
ever, that both power geins incresse without limit as the energy lost
during e cycle of the signel frequency approacheg #hee94§§5¥&}9§Fa49FiPEa§.
._oyele of the idler froquency.” hen this point is reached where the two
losses are.ééual, the system will have infinite power gain, and be capable
of susteined outputs without inputs. At this point the system will bresk
into oscillation, simultaneously oscillating at both frequencies f; and f3,

where conditions still require that a; + wy = Nmp.

3. Experimental wverification of the thin film parametric smplifier

The snalyticel developments of the preceding paragrephs indicate the
potential usefulness of inductors mede of thin ferromegnetic films in
paremetric emplifier circults. Some exploratory investigations were there-
fore made in which & 6000 engstrom permelloy film was used as the nonlinear
element.

In order to instrument e simple experimental system with equipment
reedily available, & pump frequency in the renge of 24 to 28 me/s and sig-
,.:pgl’frgquqcies in the range of 8 to 12 mc/s were;chgggn{ Invqstigation in
this frequency renge permitted direct viewing of thé f:k:tg;tpégf;si;ééé on
e Hewlett-Packard 150A Oscilloscope without the necessity of any inter-
vening demodulation devices.

Figure 15 is & schemetic disgrem of the circuit used in most of the
investigetion described in this section. The tremsistor oscilletor wes ad-

justable over e renge of 20 to 30 mc/é. Ite r.f. output wes controlled by



Fig 15. The schematic diagrem of the exploratory parametric 3
B amplifier used in this study



NORMALLY 3-5V. 07

RCA WR--53A

0-30V.

0-30V.5

H.P 72I1APRPS.

SIGNAL |
GEN. OR
-2 GR. 805C HP
150A
Lp=5.2 ph 10:1 |OSCILLO-
PROBE| SCOPE
")

s —~175 ph
C2=50~100 ppf

Lp=3.1ph L }
| sy \
) - = 20T0ppfiz-igppf
,fg F)LJhAF3 _L/,_}\\_
OSClLLL\TOR SsTR
e




79

adjusting the d.c. power supply voltage either menually or by the shunting
pulse circuit shown as x" - y". Physically the signsl winding consisted
of ebout 40 turns of No. 40 enemel wire wound around the permslloy film-
gless substrate core as depicted in Fig. 1(B) to give a rectengular coil
having inside dimensions of 1/4 by 1/4 by 6/1000 inches. The pump winding
wes wound with some 30 turns of No. 28 ensmel wire to form a rectenguler
coil having a oross section of 5/8 by 1/10 inches end _ja,‘_:l.g“n‘g_';h_'éf‘l/{}_ i‘n'ch.v
The signal winding slipped into the center of the pumi) winding end wes‘ ad-
justed to be mutuslly perpendiculer to it. The arfangement here was slmost
identicsel except for physical size to thet used in the peremetron studies.
The bies winding wes wound parellel to the pump winding on a form which
served to keep the two windings seperated by et lesst ome-fourth inch.
This separation kept the strey cepacitence of the pump winding neer & minj-
mum. Figure 2, ss previously mentioned, shows the signel winding in-
ductence of this arrsngement es a function of a d.c. biss current Ig in the
biss winding or of e d.c. current I, in the pump winding.

Figure 16 is ean ectual frequency response curve of the system of Fig.
15 as the input frequency is swept over s range. The different traces
correspond to different pump powers snd to different loeds. The center of
the sweep in eech cese is 9.5 mc/s with a sweep. sc&le of 50 kc/s per di-
vision. Dete obtesined from this photogreph end from da‘ba recorded a‘b the -
time it wes teken were used to plet Fig. 17. The lettered po:mts on ,Flg.
17 correspond to date from the verious treces of Fig. 16.

Some rough messurements indiceted that epproximetely 25 percent of the
d.c. input power to the pump oscillator wes eciually lost in the pump

windings. Of this emount, very little wes sctuslly film loass since com-
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“Fig. 16. The frequency response characteristic of the circuit

of Fig. 15 for different pumping powers as indicated on
Fig. 17 for C4 = O, a center frequency = 9.5 me/s snd
a sweep rate = 50 ko/s per division

(A=D) Ry = 2700 ohms
L

(E~G) R, = =
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Fig. 18. The frequency response characterié%iégéf%tﬁe”cif;ﬁit56f{%{a,_,{fg";&i

Fig. 15 for different d.c. bies curremts, R; = =, a
center frequency = 9.5 me/s end a sweep rate = 50 ke/s
per division

(8) 13 = 20 me (pump off)

(B-D) Iz = 20, 15 end 10 ma respectively (pump on)
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()

(8)

‘syigmal response of the ~t:wo frequency parametrlc
jer of Fig. 15 for a pump frequency of 26 mc/s

Fig. 19. Th

(A) The direct output ‘(pump off) of & 10 me/s cerrier
sigrmel 100 percent modulated by a 500 eps modu=-
latiion signel as illustrated in (D)

(B) The maximum possible steble conventional parsmetric
empIlifier gain of 22 db

() The 66 db gein end resultant output weveform with
suparregenerative amplifier operetion snd externsally
gatesd at 10 kc/s
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plete removel of the transverse inductor had very little effect on the
magnitude of the pump voltage. The low-lsvel Q of the pump tank circuit
was measured by the resonsnce curve method to be about 30.

Figure 18 shows en ettempt to obtein & larger bandwidth then shown in
Fig. 16. To accomplish this, C; was shorted out and C;, C; and the mutual

inductance of the transformer adjusted to give azreéponse typiceal of sn

gve:;-coupled i.f. hqj_;_agﬁe;_.’___'iNe;gt;’__ Cy- é__nsi‘_‘,03_r‘.;v;r_e_,';f_e_'..-.'ggj'gg_t‘ve;dr to give the re-

T pguse with pump power epplied shown as Fig. 18(B). With pmnppoweroff.
the response wes that of Fig. 18(A). A decresse in the bies currenf o
chenged the average velue of signsal windiﬁg inductence end thus the tuning
of the system resulting in the responses of Figs. 18(C) end 18(D). The
bies current, gein and bendwidths as measured from Fig. 18 are respectively
20 me., 16.1 db and 130 ke¢/s for Fig. 18(B), 15 me, 11.8 db end 195 kc/s
for Fig. 18(C) and 10 ma, 6.9 db and 286 ke/s for Fig. 18(D). The center
frequency of the sweep is 9.5 mc/s in eaech cese with & sweep scale of 50
kc/s per division.

Seme recent investigetors (52, 53) have reported extremely high gains

inuslng peremetric emplifiers es superregenerative detectors. Figure 19

illustrates the operstion’ jericy- smplifier previously de-

gseribed both es & conventi:onal parametric ;ﬁlxialifner-: and:; erregene
ative emplifier. Figure 19(A) shows the 500 cps 100 percent modulat.;d..lo
mc/s output signel with the pﬁmp power off. When meximum pump power wes
applied so thet the system wes just short of oscillation, the output in-
creesed by about 22 db to that shown in Fig. 19(B). When the externally
controlled modulation circuit x" - y" periodieelly varied the power supply

voltege to the pump oseillator in e msnner similar to that shown in Fig.
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20(A), the pump oscilletor output varied in e menner similer to thet shown
in Fig. 20(B). The voltage of the pump power supply was then edjusted so
thet when the pump oscillator output wes & meximum, the aignel circuit was
cscilletory while at & pump output minimum the signal circuit wes damped.
When, in such & situetion, the signel circuit chenges from being demped to
being oscillatory, the oscilletion begine to grow from whetever initial

conditions are present in the eircuit at that time; If the initial signel -

conditions are large, the final emplitude:reached: after s fixéd pe:

Finel aﬁlplitude reached when the initial

time is relatively largerthint
signal conditions axiev'.éimi_‘l.v | Within given limits the finel signal is es~
sentielly a constent times-'fhe input.

In circuit operation cf thls type, an emplitude gain of seversl
thousendfold cen be obtain_q,d, With the seme input as in Figs. 19(A) and
19(B), Fig. 19(C) represeiits such a case where the emplitude of the pulses
represents & gein gﬂrapproximately 66 db or & factor of 2000 over the out-
put with A,t,he"-_-pixhp_'off. Figure 19(D) allows & comparison to be mede between
. the'waiféf‘ofm of the sctuel 500 cps modulation voltage fed to the signal

generator end the finsl pesk emplitudes of the superregenerative emplifier

pulses.

ignel circuit of Fig. 16 wes then considerably simplified ‘Qg:j__o___;;,'_tllx".é.#{i:?

it contained onlytheserieN 811 other ele-

cofibinatien of
ments vexéepiv: Lp being removed. The osciii;scope wes thén ‘comnected across
Lp and the circuit tuned to one-half the bpump frequency which wes lowered
to 24 me/s. Figures 20(A) end 20(B) show the 26 ke/s modulation on the

pump oscilletor power supply end the oscilletor output, while Fig. 20(C)
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)

(3)

). . .

- Fiz. 20,7 The response characteristic of a degenerate superrsgenerative
' - smplifier with a pump frequency of 24 mc/s

(A) The power supply modulation to the pump oscillator
amounting to epproximetely 20 percent of total voltage

(B) The modulation on the output of the pump oscillator

(¢) The growth and decay of the 12 mc/s parametron type
oscillations for an excessive pump drive

(D) The superregenerative lifier output for an externsal
gate frequency of 25 k:% and a 12 mc/s input signal
modulated 120 percent by a 1000 ops modulation signeal
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shows a case of excess pump power resulting in extreme saturation in the
signel circuit. The exponential build-up time of sepproximately five
microseconds is readily seen. The operstion of this circuit is identicel
to thet of the persmetron circuit described eerlier. The rete of rise in
this instence wes considerably less then the csse of the parsmetron how-
ever. In a properly designed system having a lerge gain per cycle and e
lerge overall gein, such a circuit might prove useful as a simple re-
ceiver. Figure 20(D) illustrates the operstion of @ superregenerative de=-
tector giving approximetely e 2000-fold gain for a 1000 eps 120 percent

moduleted input signsal.

4. Summary comments on the thin film paremetric amplifier

The thin film paremetrioc smplifier hes been anslyzed on the besis of
the lossless quesi-stetic model discussed in Section A. In order to ana-
lyze thin film paremetric emplificetion et much higher frequencies, the
losses in the magnetic material must be included. This meens that the
dynemic model of Fig. 4 must be used resulting in greatly incressed diffi-
culties of enelysis es evidenced by the involved discussion on paremetrons.
To date no experimental work hes been done using thin films as paresmetric
amplifiers at anything other then with pump frequencies in the range of 10
to 30 mc/s. A further study of the parsmetric smplifier possibilities of
thin films both with regards to operation in the several hundred megacycle
per second region snd with regards to the noise problems in such emplifiers
is planned for the neer future. Since thin films heve not heretofore been
used in devices of this type, little or no informstion is eveilable con-

cerning noise levels that might be expected. The physical systems used in
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the experimentsl messurements presented in this thesis were not suitable
for meking good noise measurements. The whole question of noise gener-
ation in thin films is further complicated by the fact thet there are meny
problems with regerds to the ferromagnetism of the film itself that are
not well understood.

At the present time one cen not predict the practicality of thin
ferromagnetic film paresmetric emplifiers in actual systems. Much will de-
pend upon the results of the noise end the high frequency studies yet to
be mede and upon the development of a more optimum configuration for the
film end the windings. One of the most difficult problems experienced wes
thet of properly sligning the two windings end the film. The problem of
aligment cen be attacked in two ways. It 1is possible to evaporate films
thet heve a much smeller snisotropy than the films used in the experiments
described in this thesis. This would of itself meke The system much less
sensitive to alignment slthough some of the problem would still remein.

Another atteck on the aligment problem would be to use a sendwich
technique as shown in Fig. 21. In addition, low snisotropy films could
also be used advantageously here. One of the windings could be etched on
one side of & thin etched-circuit boerd and the other etched mutusally
perpendiculer on the opposite side. The arrengement shown hes a gzero
mutual inductance between the pump and the signsal windings in the absence
of eny films. Capacitive coupling cen be minimized by connecting the
center tap on one or both windings to the ground plene of the overall
gystem. Suppose that eight films are evaporsted on & common substréte with
their eesy directions parallel to each other and to the center line of the

output winding as illustrated in Fig. 21. Assume these eight films are
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mounted film side down nearest the etched wiring with only & thin insu-
lation sepsreting the winding snd the film and that eight more films are
similerly pleced on the under side. Since the two windings are mutuaslly
perpendiculer to eech other end fixed, the aligmment procedure reduces to
one where the films alone are moved, Once slignment is achieved, this
sendwich could be encapsulated to meke the alignment permsmnent. To pro-
vide shielding against strey megnetic fields the sendwich should be mag-

neticelly shielded by & high permesbility meterisal.

Since one of the reasons for the a_ul'i:' pump feed-

through and inasmuch as the a.liénmen determined by a physicel
tion which can be expected to in-its plecement even agasinst rather
severe mechenical and therma iditions, & circuit element of this type

promises to heve meny adw»r“

ot presently evailable in meny other
systems.

A portion of the preceding.di ion on the thin film parametri
emplifier wes presented as e confereﬁée , d is pr‘e_‘sﬂe,.:':‘t;l -
ess of being published in the Proceedings of the 1959 Netionel ';Electroni'cs'" |
Conference (54). A five column review of the conference peper was made by

the editors of Elesctronics snd published in the Research and Developﬁlent

Section of one of their recent issues (55).
D. A Tain PFilm Inductor as a Balanced Modulstor

In the discussion of peremetric emplifiers it wes mentioned briefly in
passing thet e similar circuit might be useful es & modulator. The term
modulator is used here to represent a device in which a low frequency sig-

nel is used to very the amplitude of a carrier signal of much higher
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frequency. Since all paremetric emplifiers in the broed overall sense are
modulators regardless of the relative frequencies of the two signals it is
not surprising to expect the thip film inductor to also be useful as a
modulator in the cese where one frequency is much less then the otkhsr. In
the discusaion to follow it will be pointed out thaet if the windings end
the film are properly aligned, then there will be no cerrier frequency

voltages induced in the output winding, the output voltege conteaining only

- the sidebend frequenciea. The possibility of a suppressed cerrier side~

or 88  balsnced modulstor under ‘s seperste heading.

1. The belanced modulator circuit

Suppose a pair of mutuslly perpendicular wind.irvz'g'._sv, ;é'_j_ﬁomd around
the film with en elignment es shown schemstically in Flgl(B) 80 that the
exis of one winding, hereafter cslled the carrier rathef the.n the pump
winding es heretofore, is parallel to the rest directio‘r“riéf the film while
the exis of the second winding, hereafter called the output winding rather
. ‘ _iires_ .pfa‘r_all},ei*'tc“_)l_{ﬁi;transverse di-
-vrection of the_film. 'AA.modulatvi‘oh"wi'nding c'anbef;dded in parallel with
the output wind:ing; or tfle output winding itself cen be used &s the modu-
lation winding. It is to be noted that because of the mutually perpendicu~
lar orientetion of the windings, no voltege is induced in the output
winding if no currents flow in either the modulation or output windings.
A d.c. modulation input is somewhet eesier to visualize than en a.c.

input. At the seme time it ellows e simple qualitetive description to be

given which provides a good introduction to the balanced modulator oper-
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ation. Consider Fig. 1 again. Suppose & d.c. biss current I; end a
single frequency carrier current i, at en angular frequency of m, flows in
the carrier winding and that a d.c. current flows in a seperate modulation
winding not shown in Fig. 1(B) but in parsllel with the output winding.
This current establishes & megnetic field in the tramsverse direction pro-
ducing a torque on the magnetization vector ¥ end causing it to rotete
through an sngle . This establishes & flux linkege in the output winding.
Once M is roteted awey from its rest position, the fields esteblished by
the a.c. carrier current in the carrier winding exert further forces on M.

These alternating forces cause the vector M to be rocked back and forth

around some equilibrium value of f#, constantly chenging the megnetic flux

6 - kept smell 1f"1';h;:':haximmn angle of # is kept small, A variable ca-
pacitor can be plesced ecross the terminals of the output winding and the
output circuit tuned to resonance. This permits at least partial sup-
pression of cerrier hermonics eand increasses the useful amplitude of the
output.

A time varying modulation current slowly rotates M back end forth
eround the rest direction position while the carrier current repidly rocks
¥ sround its equilibrium position. It is essy to see from this very queli-
tetive description how = voltege such as the one shown in Fig. 22(G) for em

actual experimentel model cen result. This is suppressed carrier double
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sideband modulation.

With this qualitative picture in mind this problem may be analyzed
somewhat more quantitatively. Reference to Eq. 52 shows that the voltege
induced in the cutput winding contains among other frequencies, the side-
bend sum and difference frequencies of the carrier snd the modulation com-
ponents but no carrier frequency as such. In this case one sssociates the
symbol for pump smgular frequency ap with the symbol for cerrier angular
frequency w,, the latter symbol being used in the remainder of this dis-
cussion. Since the velues of the e;'s for n > 1 are much smeller than aj
for carrier smplitudes such that '}" is in the order of 0.5 or less, Eq. 52
cen be approximeted es

op = Ly(1 + ao/Z) Y Loy cos (at + @)

m=1

+ Z alLol'_m/z [(mc + ap) coe [(o, + aylt + 6]

m=0
- (g = &) cos [(ng = ay)t - 9;,.,]] oy < o

66
The output of the modulator cen be teken as the voltage scross the terminals
of the output winding. It is evident that tuning the output circuit with a
capacitor scross the output terminals will reduce thoge sidebend components
of the harmonics of the cerrier frequency that do exist. Furthermore, since
the maximum modulation frequency in any practical syetem must be limited to
values considerably below the carrier frequency, the first summetion in Eq.
66 will normalily be small compared with the second summetion so thet the

second predominetes for sny reasonable magnivude of carrier amplitude. The
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foct that the amplitudes of the two sidebands are somewhat different is of
no real concern since this can be corrected by the gein-frequency cherac-
teristics of the amplifying stages that -tlways follow such modulators.

The preceding enalysis is based upom the pramise that the two
windings ars mutuelly perpendiculer o e esch other and ¥:at the exie of the
carrier winding is exactly parallel to the rest direction of the megneti-
zetion. If this is not quite the cese smd the carrisc winding exis is
tilted somewhat from being persllsl to the rest direchion, a volitege et
the carrier frequency will be induced in the output circuit even with no
modulation signal present. By & suitable choice of an external magnetic
field end/or rotation of the output winding, it is possible to find an
equilibrium point where the zero-moduletion induced carrier voltage in the
output winding is again gzero. The system, however, no longer has the
simple symmetry of Fig. 1(B). Becsuse of the anisctropy of the film, the
equilibrium angle of rotation g of the vector M will be different for a
positive instantaneous megnitude of moduletion signal then for a negative
one of the same megnitude. Thus, unless the system is completely sym~
metrical as illustrated in Fig. 1 there will be & substantiel carrier feed=-
through into the output circuit with modivlation end true baslanced modulator
operation will not occur. Any practical system utilizing this technique
must therefore have e means for accurastely aligning the two windings and
the film relative to one another. A configuretion similar to thet of Fig.
21 appeears to offer this possibility.

One of the snticipated advantages of permalloy films for application
in balenced moduletors is their relatively stable characteristics es &

function of temperature. Although this hes not besn explored in great de-
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tail, there is good reason to supposes that & modulator could be built
having charscteristics with negligible temperature coefficients, perticu-
larly with respect to carrier feedthrough, over the temperature renge of
et least from -100 to +100 degrees Centigrade. Furthermore the frequency
characteristics of permalloy are such that one sghould be able %o build
modulators using permalloy films that operete with carrier frequencies
from & few hundred kilocycles to at least several tens of megecyeles per

second.

2. Experimental verification of the thin film balanced modulator

The experimental verification of the feasibility of using thin film
inductors as halanced modulators was made using the seme film ard windings
es used in the amplifier invegtigetion. The frequency of the trensistor
oscilletor of Fig. 16 was lowered to spproximately 12 mc/s. All circuit
camponents connected to the transverse winding of Fig. 5 were removed snd a
variable tuning capacitor connected across the terminals. The ungrounded
terminel of the transverse winding was connected through a 5600 ohm re-
sistor to an audio oscillator which was us.ed to supply the modulation
current,

Using this circuit one cen obtein beth suppressed cerrier snd nonsup-
pressed cariier smplitude moduletion. If the film and windings are de-
liberately misaligned, it is possible to obtsinr outputa resembling con-
ventionel emplitude modulation. Figures 22(A) end 22(C) illustrate such
outputs, the first representing what is called & 100 percent moduleted
carrisr while the second represents approximately 60 percent modulaticn.

In each of these instances, the modulation signal had & frequency of two
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(X)

Fig. 22. Typicel emplitude modulated output volteges from a thin
£11m balanced moduletor for sinusoidal modulation signals
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ke/s. The waveform of the moduletion signel is shown in Figs. 22(B) end
22(D).

When the windings end film bias were sdjusted to give & minimum output
with zero modulation, the residual output due to cerrier feedthrough from
strey coupling and the zero modulastion signel were observed to be quite
small as 1llustrated by Figs. 22(E) end 22(F). Thers is little difference
between the oscilloscope trace widths in the two ceses indiceting that the
carrier feedthrough waes indeed quite low. Simple meessurements indicated
that even for this crude circuit arrangement, the output without moduletion
was at least 30 decibels lower then the output for & reesonable moduletion
signal. No meessurement of cerrier feedthrough with modulation could be
mede becsuse of equipment uneveilability. This, however, could be ap-
preciable i1f the film snd the windings are not correctly aligned so thet
the system is completely symmetrical esbout the rest dirsction of the film's
magnetizetion.

Figure 22(G) shows & typicel suppressed cerrier double sidebsnd output
with the two kc/s sinusoidel moduletion signal shown in Fig. 22(H). To
illustrate the lineerity of this thin film modulator, the oscilloscope
treces of Figs. 22(G) end 22 (H) were moved together to give Fig. 22(I). It
can be seen that the envelope of the modulated weveform coincides very well
with the waveform of the modulation signal.

Something of the widebend charecter of this type of modulator is
illustrated by Figs. 22(J) end 22(K). The first of these shows the over~
lepping waveforms of the output and moduletion signals for e 20 kc/s modu~
letion frequency while Fig. 22(K) shows the ssme thing for a 20 ops modu-

lation signal. The only edjustments mede between Figs. 22(I), 22(J) end
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22(K) wes the frequency of the sudio oscillator and the sweep speed of the
oscilloscope. The megnitude of the output voltage of Fig. 22 wes approxi-
metely two volts pesk-to-pesk throughout.

To check the posgibility of using such & moduletor ss & radio
frequency gating device and es & video modulator, & square weve generator
wes substituted for the audio oscilletor used previously. Figures 23(L)
end 23(B) agein show the nesr zero output for & zerc moduletion signel in-
put. PFigure 23(C) shows the output waveform for the 100 ke¢/s squere wave
moduletion signel shown in Fig. 23(D). Figure 23(E) shows the two traces
moved together so that & better comparison of the two waveforms could be
made. Lowering the a;tzxplitude of the modulation signel lowered the output
eccordingly es illustrated by Fig. 23(F). To illustrete thet the module-
tion response is good even for low modulation frequencies, the 10 ops
moduletion snd output are shown in Figs. 23(H) end 23(G) respectively. The
ringing shown in Fig. 23(C) eand 23(E) wes a result of the trensient due to
the squere wave current pulse in the output winding end was present whether
or not the carrier was on. The smount of this ringing could be reduced
relative to the output signel by = much tighter coupling between the output
winding end the film. This could easily be the case in & circuit of more

optimum design such es that proposed at the end of the amplifier discussion.

3. Summery comments on the thin film baslanced modulator

The results of this early investigetion were very encouraging indi-
ceting thet & more extensive investigation should be mede of this device.
Mr. R. L. Semuels then proceeded to start such an investigetion =s a part

of his Mester of Science degree program. Alithough his work is still incom-~
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Fig. 23. Amplitude modulated output volteges from a thin film
balenced modulator for square wave modulation signals
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plete, Samuels' results to this writing have been quite successful and
serve es much better confirmations of the feesibility of the use of thin
film inductors in balanced modulator eircuits than the experimental re-
sults presented above. For a more deteiled study of the thin film
balanced modulator, the reader is referred to Mr. Semuels' thesis which is
scheduled to be deposited in the Iowa State University Library in the near
future.

In view of the novelty end simplicity of this device, a paper de-
scribing its operation and the experimental results so far obtained was
prepared by Samuels and this writer and presemted in early Februery of
this year before the 1960 Winter Convention on Military Electronics (56).
This paper is to be submitted for publication in ths near future. A four
column summery of the paper was prepared by the editors of Electronics
end published in the research and development szction of one of their
recent issues (57).

Balenced modulators are very widely used in radio communicetion e~
quipment. Presently used schemes for obteining suppressed carrier outputs
are subject to many problems with regards to keeping the system in proper
balance since they are in general quite sensitive to temperature end cerri-
er amplitude chenges. It is believed that these will not he serious
problems in the thin film modulator although further study is required to
check this. The generation of undesired harmonics is & problem encountered
in balanced modulator work., This is not belisved tc be & serious probliem
either although this too must be checked experimentally. There is good

reagson to hope thet in the final eanalysis the thin film inductor will be
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found to be competitive with if not superior to the present methods for
obtaining suppressed ecarrvier smplitude moduleted outputs.

Most of the discussion so far hes more or less assumed thet the modu-
letion signal wes continuously verying as would be the cese for an audio
or & video moduleting signel. However, this need not be the cese. If
perametron logic circuits should ever prove feesible, then gate circuits
that are in every aspect identical with whst hes been discussed here es
the balanced modulstor cen be expected to find wids oppliceticn es
coupling units between end into end out of persmetrons. In the cess of &
gete circuit, the moduletion signel will be & rectanguler gete pulse of
either positive or negetive polarity. It is easy to see thet the phase of
the output signal for e negative gete pulse will be exactly the negative
of the output signal for e positive gate pulse, i.e., the two outputs will
differ by exectly 180 degrees but will have the seame smplitude. Some con-
siderations of the use of & thin film balanced moduletor as & gate in this
menner 1s given in a peper already cited during the discussion of pare-

metrons (50).
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IIT. DISCUSSION

The inveatigation reported in the preceding pages concerns & new
circuit element, the thin film inductor, which utilizes the siangle mag-
netic domain cheracter of certaein ferromegnetic materiels when properly
deposited in sufficiently thin leyers. These thin film inductors possess
some very exciting properties, some of which mey prove of precticel utility
in the future. This circuit element cem be used most effectively as a
paremetric device. The applications of thin film inductors to parametrons,
to perametric emplifiers snd to balanced moduletors hesve already been dis-
cussed in some detail. These are related yet distinet applications of the
same geners.l circuit concept of & time verying resctence interacting with
en input signal or signals to produce new but interrelated frequencies.

A number of other possibilities related to the ones alreedy discussed
ir detail come to mind as being worthy of future investigetion. One such :
poseibility is the traveling weve paremetric asmplifier tremsmission line.
Both the forwerd wave end the backwerd wave types would be of interest.
Similer lines have been successfully constructed using wvariasble cepacitence
diodes.

Another possibility for e new device is the utilization of the
balanced moduletor concept to design s frequency upconverting emplifier for
the linear amplification of low level low frequency signsls. The ultimate
low level will depend upon the final results of the moduletor studies. At
present minimum current sensitivities of considerably less than e miero-
ampere &sppear ressomeble. If perfected, such & unit should be very rugged

and stable end could conceivably be used to replace galvanometer type de-
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vices in meny epplicetions.

A third possibility that seems worthy of some initial investigation
is a type of belanced moduletor. Instead of a meodulation current, however,
one could conceivably use a megnetic field such as one finds in the vi-
cinity of a megnetic recording tepe. Used in the recording head of & tape
recorder or similer device, the instantaneous output of the unit would be
directly proportional to the instenteneous field intensity end would not
be dependent upon the rete at which the tape wes moving. Besides being
potentially useful in conventional tape recording wmits, it could be used
in the cese of & thin film parsmetron computer to conver% from e magnetic
tape or drum memory directly to the parametron logic system at the
frequency of parsmetron operation. The phese of this input woculd be either
(+) or (=) depemding only upon the magnetic polarity of the recording and
not upon its speed past the reading head.

In eddition to these, there are a number of other possibilities of ap-
plicetion of thin f£ilms which may be imprectical. There are undoubtedly &
lerge number of other possibilities which have not yet been conceived but
which mey sppeer es investigation into the detieils of devices such es those
described here proceeds. All in all thin film devices appear to be a fruit-
ful aree for future investigetion. This is in addition to the study of the
materisl properties of ferromegnetic films which must accompeny any work of

the device epplication type.
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