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I. INTRODUCTION
A, The Noise Problem

The ultimate usable sensitivity of a practical amplifier is limited
by the random fluctuations or "noise"™ that the amplifier adds to the
signal, since any signal weaker then this noise will be masked or hidden.
Thus, the effect of noise is to interfere with the detection and ampli-
fication of low level signals. In the early years of amplifier develop-
ment the need for low noise amplifiers was not great. However, as inter-
ests began to expand in the fields of communications, servomechanisms,
instrumentation and other areas dealing with low level signals there was
a natural increase of interest in noise phenomena and the désign of less
noisy devices. The purpose of this study was to develop and analyze just
such a device; a low noise, low frequency, magnetic film parametric ampli-
fier.

Nearly every component in an electric ampliflier 1s a source of noise.
A resistor produces thermal noise, bulk ferromagnetic materials introduce
Barkhausen noise, and vacuum tubes have flicker noise, partition noise,
shot noise, etec. As a consequence these and the other components that
are the building blocks in electric amplifiers also serve to limit an
amplifier's sensitivity. It is not the purpose here to cover all of the
aspects of this problem, but just to discuss briefly some of the noises

that act as limiting factors in the detection and amplification of low

level signals.



B. Noise in Small-Signal Amplifiers

Vacuum tubes and transistors are the most familiar amplifying devices
in use today and their inherent noise has been investigated rather exten-
sively. The physical nature of some of the sources of noise in these de-
vices is now fairly well understood and formaliged, and research is being
carried on in an attempt to correlate the remainder of the noise(s) being
generated with some physical process(es). All noise(s) whose mechanism(s)
is (are) unknown is (are) classified as flicker noise, while the other
noises present are known by specific names such as shot noise, Johnson
nolse, partition noise, etc.

Shot noise is present in both vacuum tubes and semlconductors and is
of a statistical nature. In vacuum tubes it is the effect of the random
emission of electrons from & heated surface. Shot noise in semiconductors
resembles that in vacuum tubes in that it occurs only if a voltage is
applied, however, in semiconductors charges appear and disappear in the
material itself. A portion of the shot noise in semliconductors is due
to the fluctuations in the processes of carrier creation and annihilation,
while the remainder is attributed to the fluctuations in the diffusion
process.

Flicker noise also limits the sensitivity of small signal amplifiers.
Its effect is present in both tubes and transistors and it is most notice-
able at low frequencies. The general tendency of this noise is for it to
have a noise-frequency spectrum that varies as an inverse function of fre-
quency and it is often called 1 noise. While the exact mechanism of this

b 4
(these) noise(s) is not fully understood, Van Der Ziel (11) discusses a



theory by Schottky for vacuum tubes that postulates the random arrival
and departure of foreign atoms at the cathode surface. This theory
agrees reasonably well with experimental results. Flicker noise in
transistors is explained by Fonger (2) in terms of two actions, one
being a slow variation in the probability of electron-bole-pair gener-
ation and recombination at the surface and the other a leakage noise
associated with electrical breakdown in the high field region at the edge

of the collector junction.

Thermal noise, or Johnson noise as it is sometimes called, can be
caused by different mechanisms; shot effect, black body radiation, the
random interaction between the free electrons and the vibrating ions in
a given conducting medium, etc. It would be wrong to conclude that all
thermal noise results from any single effect even though one may be
 predominant. Actually the classification of the different thermal sources
is not generally important because the interest is in the amount of noise
from a circuit and not its specific origin.

Nyquist (5) shows that the effect of thermal noise in the frequency
range df in an impedance Z = R + jX is equivalent to an emf in seriles
with a noiseless impedance. The mean square value of the noise voltage is

eZ = 4KTRAf a)
where R is the effective series resistance of the impedance, Z, at the
frequency in question, X is Boltzmann's constant, T is the temperature in
degrees Kelvin and df is the small frequency bandwldth over which the
open circuit voltage is measured. A proof is given in Appendix A,

Barkhausen noise is associated with the discontinuous and irrever-

sible domain boundary movements that occur when the direction of magnet-
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ization is varied in materials that have many magﬁetic domains. This may
be illustrated by using the model of the domain structure of a single
erystal of iron as shown in Figure 1. In Figure 1A the position of the
domain boundaries with zero field is shown by the solid line. The domain
structure has been formed to minimize the energy associated with the
localized fields due to the effect of free poles induced in the specimen.
Since the energy asscclated with free poles is relatively large, it is
necessary that the component of magnetization normal to the domain bounda-
ries be continuous as far as possible. For the minimum energy condition
then there are seen to be no free poles on the 180° (vertical) boundary.
The closure domains at the ends of the crystal also form in such a way as
‘to minimize the energy due to free poles. Since the area of the closure
domain is generally small compared with the area of the 180° boundary, the
effects of the closure domains may be assumed to be negligible. A change
in the magnetic field causes the movement of the 180° boundary across the
crystal to position x. If the crystal is perfect, without any non-mag-
netic inclusions or other defects the movement will be smooth and no Bark-
hausen noise will be generated. When the crystal is strained or it has
non-magnetic inclusions present at a boundary the direction of the com-
ponent of magnetization normal to the damain boundary is no longer con-
tinuous and free poles are produced. The presence of inclusions results
in a retardation of the movement of sections of the domain wall, Figure 1B.
The motion of the retarded sections of the boundary will be discontinuous
and will proceed in jumps producing Barkhausen noise. The Barkhausen
effect is small and it is not often noticed, but its presence would be

apparent on a hysteresis curve if the curve were pictured in sufficient



Figure 1.

Model of the domain structure in a single crystal of
iron. (A) Position of 180° (vertical) boundary in a
field H is shown. Solid line shows boundary for H = 0.

(B) Retardation of a section of the boundary with the
production of free poles.






detail. On the curve, changes in magnetization as a function of field
applied would proceed in a series of steps rather than smoothly as it is
generally shown. Tebble (10) shows that these step changes in magnet-
ization are dependent upon the position of the inclusions, the width of
the inclusions, and the length of the section of the domain wall that is
retarded. Bioreci and Pescetti (1) say that the Barkhausen effect produces
a pulse that may be represented by an exponential curve having a time con-
stant of approximately 10"+ sacond. Their study utilized the random
superposition of these pulses in determining that the spectral density of
Barkhausen noise is constant up to 1 ke and that it decreases rapidly
thereafter. Since the distribution of sizes of Barkhausen discontinuities
in bulk and thin film magnetic materials is similar, as has been shown by
Ford and Pugh (3), one would expect the same type of noise from each.
Williams and Noble (12) indicate that Barkhausen noise is the limiting
factor in the signal level that may be amplified by present magnetic
amplifier methods,

One of the most successful methods of avoiding the zero drift and
noise problems that arise in the attempt to amplify low-level low-frequency
signals is the up-conversion of the d-c or low freguency signal to a higher
frequency where it undergoes conventional a-c amplification. The means for
doing this has mainly been mechanical: choppers, vibrating capacitors and
similar devices. The tendency in the past has been to rely on this method
rather extensively because it was very familiar and has gemerally produced
good results. The shortcomings of mechanical modulators are that their
sampling rates are low, they are subject to mechanical failure, and their

contacts opening and closing are a source of noise.



Other devices that have received a considerable amount of attention
recently as being low in noise content are maser amplifiers and parametric
amplifiers using electron beams, variable reactance diodes, etc. The
applications of these amplifiers have generally been in the UHF and micro-

wave regions and they will not be considered here.
C. The Thin Magnetic Film Balanced Modulator

The application of thin magnetic films in balanced modulater circuits
was proposed by Read (6) and investigated by Samuels (9). They show that
the thin magnetic film lends itself rather readily to operation at fre-
quencies from d-c¢ to several hundred kilocycles and can be made to be
rather sensitive. This study was begun to gain more knowledge of the use
of thin magnetic films in the area of low-level, low-frequency low-noise
amplification.

Since the thin magnetic film balanced modulatoer is a reactive device
it should not be a source of shot noise or the 1 noise found in vacuum
tubes and transistors. Essentially, in the balﬁnced modulator application,
the thin magnetic film exists as a single magnetic domain and as a con-
sequence should not be a source of Barkhausen noise. Therefore, the only
noise limiting the sensitivity of the thin film balanced modulator would

come from the thermal noise being generated in the resistances of the

circuit.



II. THE AMPLIFIER
A. Power Gain

The advantage of using nonlinear reactance elements in the up-con-
version of low-~level low-frequency signals is that, in addition to pro-
ducing a higher frequency a-c signal, a large power gain is available,
This concept is not new. It has been used extensively in magnetic and
dielectric amplifier applications. Baslcally the small signal input to
this type of device is used to control large amounts of energy that is
supplied from some a-c source. This action is similar to that of the
more conventional vacuum tube amplifier where the small voltage changes
on the grid of the tube control large amounts of energy supplied from
the d-c source, 1.e. the battery or B* supply. While the vacuum tube
acts as a nonlinear resistance in the circuit supplied by the d-c source,
the'magnetic or dielectric amplifier acts as a nonlinear reactance in the
c¢ircuit supplied by the a-c source. There are, however, differences in
these two rather similar amplifying devices. The output of the amplifier
supplied by a d-c¢ source is generally a replica of the input, while the
output of the reactor modulator is not. It generally occurs at a differ-
ent frequency.' Also the properties of energy transfer, sensitivity,
bandwidth, ete. associated with reactor modulators are not as well known_
as those of the more familiar amplifiers whose energy is supplied from a
d-¢ source. The general energy relations which govern nonlinear reactor
modulators have been derived by Manley and Rowe (4). In their discussion

they show that the average powers at the different frequencies in nonlinear

reactor modulators are related by two independent equations. Salzberg (8)
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has developed the Manley-Rowe relations for the particular case of three
frequencies, one being at the signal frequency, one being at the carrier
frequency, and the third being the sum or difference of signal and carrier
freqnéncies. When the load is only responsive to the sum and difference

frequencies the relations are:
-Pé P2 +P1
—_— e —
fé f2 -f
where: fl is the signal freguency

fz is the local oscillator or carrier freguency

£y = (f1 + fz) is the output sum or difference frequency

(2)

=

Pl' Pé' Pé are the powers at the frequencies fy, fz and f3 with

the negative sign to indicate power absorption.

From equation 2 the power gain obtainable is
+f 11,21

). =23 . (3)
P = = —
23 £, £

When f2>c'f1 the gain approaches the ratio of the carrier frequency to
that of the signal frequency. It must be realized that this is the
theoretical power gain and that allowances may have to be made for losses

in the nonlinear element, coupling losses etc.
B. Operation

A single magnetic domain thin film is illustrated in Figure 24. B
is the saturation magnetization vector of the material having a preferred
or rest direction that is normally determined by the uniaxial anisotropy

field. This direction is induced during the formation of the film by



Figure 2. Schematic representation of a single domain thin film
(A) and the utilization of the thin film in a balanced

modulator configuration (B).
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applying an external field parallel to the plane of the film. It is
possible to rotate M through the angle ¢ in the plane of the film by

the application of an external magnetic field with a component that is
perpendicular to the rest direction. The torque resulting from the'ﬁ'x-ﬁ
cross product would tend to rotate N out of the plane of the film through
the angley . However, large demagnetizing fields normal to the plane of
the film are produced by any vertical movement of'ﬁ; and ¥ remains very
small. When W= 0 there is no demagnetizing field and M would still have
a tendency to rotate out of the plane of the film. Read and Pohm (7)
show that VW will remain small for frequencies up to several hundred
megacycles and that it is possible to assume that 5 only moves in the
plane of the film at lower frequencies.

Figure 2B shows the thin magnetic film as it was used in the balanced
modulator ecircuit used by Samuels (9). This particular configuration
lends itself rather readily to an explanation of the balanced modulator
operation which was given by Samuels and which is followed here in order
to build the necessary background.

The carrier winding is placed on the film witbh its magnetic axis
parallel to the rest direction of the film. Two windings are placed on
top of the carrier winding (only one being pictured for clarity) with
their magnetic axes perpendicular to the rest direction of the film. One
of these will be the signal or modulation winding while the other will
be the output winding. With these two windings lying perpendicular to the

carrier winding there is no mutual inductance between them and the carrier

winding.
Operation is most easily described by picturing what takes place with




pL

a d-c signal input. A d-¢ blas current Ib and a carrier current ic at

a fixed angular frequency ofauc are caused to flow in the carrier winding.
A d-c signal current flowing in the modulation winding will produce a
field hm which will rotate the magnetization vector'ﬂrthrough an angle

#. When this occurs the magnetization vector N is no longer perpendicular
to the axis of the output winding and a flux is established that links
this winding. In additionm, ﬁ’, no longer parallel to the axis of the
carrier winding, will feel the effects of the fields induced by the

carrier currents. The alternating field will cause M to be rocked around
some equilibrium value of the angle §, resulting in a constant variation
of the magnetic flux linking the output winding. The voltage induced in
this winding will be at the frequency of the carrier and have a magnitude
largely dependent on the equilibrium value of §. The small signal cwrrents
flowing in the modulating winding will vary § and thus control a-¢ voltages
induced in the output winding. A degree of nonlinearity with respect to
the modulation current is to be expected, but this can be avoided by
limiting ¢ to small angles.

A sinusoidal current flowing in the modulation winding will cause-ﬁr
to rotate around the rest direction of the film and the carrier current
will be rocking it around its instantaneous "equilibrium" position. The
voltage induced in the output winding will then be that of suppressed
carrier double sideband modulation. This is illustrated in Figure 3A.

The analysis has assumed, and the operation requires, that the magnetic
axis of the carrier winding is parallel with the rest direction of the

film and that the output and signal windings are perpendicular to the rest
direction of the film. If this is not the case true balanced modulator



Figure 3. Illustration of a balanced (A) and an unbalanced (B)
waveform from the modulator.
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operation will not occur; a voltage at the carrier frequency will be in-
duced in the output winding with no modulation signal present. It is
possible to introduce an external magnetic field or to move the output
winding to reduce zero-modulation induced carrier frequency voltages to
zero, but this only results in a loss in balance in the output. Because :
of the anisotropy of the film, the equilibrium angle of rotation, #. of
the magnetization vector, M, will be different for positive and negative

modulation signals of the same magnitude. This effect is illustrated in

Figure 3B,
C. Construction

Many hours of analytical and experimental work are associated with
magnetic thin films and their applications. They, like other devices
before them, have to go through the formative period as laboratory models
until theyvcan be engineered and fabricated to perform their specific
function. Except for some computer oriented applications, thin film
devices are generally still in the laboratory or developmental stage.

The most difficult problem in the actual building of a thin film
balanced modulator is the proper alignment of the windings with respect
to the easy direction of the film. Some methods of accomplishing this
are given by Samuels (9) and others are described later. Another prop-
lem that complicates the design is the interwinding capacitance that
exists between the carrier and the output windings. Unless this capaci-

tance can be made small the carrier signal will be coupled through to

the output.
The construction of the thin film balanced modulator developed for
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this study is shown in Figure 4. The magnetic film used was not the same
shape or even the same type as that described previously. The earlier
films used in balanced modulator circuits were vacuum deposited on glass
substrates and it was difficult to determine the rest direction of
magnetization accurately and then to wind the necessary coils around the
film properly. The film used in this investigation had been electro-
plated on a length of small copper wire with the rest direction of mag-
netization lying circumferential to the axis of the wire. By using the
inner copprer wire to act as a shorted turn carrying the carrier currents
the requirement that the magnetic axis of the carrier winding should be
parallel to the rest direction of the film was met. The output winding
was made up of two colls wound on a small capillary tube. The modulation
winding was also made in two colils, but these were wound on coil forms
with holes through their center. Then, with the plated wire through

the center of the capillary tube and the coil forms slipped down over
the outside of the capillary, the axes of the output and modulation coils
were perpendicular to the rest direction of the magnetization.

Some advantages were realized with this model. By using two coils
with their windings in opposite directions it was possible to cancel out
some of the misalignment effects that still existed. Another feature of
this particular configuration was the reduction of the imterwinding
capacitance. This was due to the short length of the carrier winding,
the relatively low voltage differential between the ends of this winding,
and the shielding afforded by the magnetic film that was between the

carrier and output windings. A disadvantage of this model was the loss

that resnlted from the fact that the output and modulation windings were




Figure 4. TIllustration of the magnetic thin film parametric
amplifier.
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not coupled tightly to the film, but were separated by air, glass ete.
In future models it may be possible to "pot" the plated wire, so it
will not be subject to magnetostrictive effects, and then to wind the

output and modulation coils on this.

D. Analysis

Salzberg (8) shows that in the up-converter a small amount of power

at the signal frequency, f_, controls a large amount of power at the

s
carrier frequency, fc' This power appears as useful output power at the
sum, f_, and diffegence, f_, frequencies. The power output at the sum
frequency is the s;m of the power inputs at fs and fc' while the power
output at the difference frequency is the power output from fc minus
the power input to fs. In the latter case the input to f_will be large
while the input to fs will be small. Effectively the power is trans-

ferred, inductively, from the a-c source to the circuit containing a

nonlinear inductor.

The inductance of the output winding of the balanced modulator can
be derived for low frequency applications where quasi-static conditions
exist. First consider the expression for the magnetic flux density-ff
at a point in & magnetic domain

3;==Pb-ﬁ:+if (%)
where‘po is the permeablility of free space.-ﬁ-is the total magnetic field
intensity at the point and ¥ is the saturation magnetization of the
material. For the balanced modulator configuration given in Figure 2B

the external field, h, applied to the system consists of Z;hc and

'3;(hs + h,) where &_ and E; are unit vectors along the coordinate axes
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and hc, hs’ and h° are the magnitudes of the carrier, signal, and out-
put fields respectively. The flux density that will be directed along
the axis of the output winding will be

B =p,(hg + b)) + M sin ) (5)
Assume that the flux densiiy is uniform over the areas in question; the
film, the air gaps between the windings and the wire on which the film
has been plated. Now let A be the cross-sectional area of the output
winding and Ap be the cross-sectional area of the film, The expression
for the flux in the output winding is

§=2ap,(n, +h) + Al sin § (6) .
By considering the film's magnetic energy density Read (6) has solved
for sin ¢ for the quasi-static condition and found it to be expressible

(hs + ho) M
sin ¢ = (7
2K |1 + th

2K (cos ;)

where X is the anisotropy constant of the material. Ietting hsM/ZK =

h M/ = h!, and hM/2K = hY sin ¢§ becomes

sin $ = h' + n!
S [} (8)

!
1+ hc
cos

Substituting for sin ¢ in equation 6 and grouping terms the flux is

§ ={ap b, + ma bt h!
Fo'o* 7% | lgn, + L (9)
T+h ey

cos § cos §

The total flux in the output winding is seen to be the flux produced by
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the output winding that is linking the output winding, éoo' and flux
produced by the signal winding that is linking the output winding, Qos'
For the case where ¢ is small so that cos ¢ ¥ 1; and by multiplying by
N, the number of turns of the output coil, the flux linkages are found
to be

Mo = Nip, by + NMAg RS+ NAp, by + NMAp hj

I (10)
1+ ht 1 + h!
C [

The fields induced by the carrier, signsal and output windings are related
to the currents in these windings by constants. Therefore, let hc': =

kile, bl = kit , Bl =k'i, h =kl h =kd andb =ki, and A,

becomes
NMA, k! NMA . k!
f "o f"s
N, =1 INap_ k + i_[Nap ko + (11)
(o) o g kKo 1"'“& s o '8 T

It is convenient here to let L = NAp, k;, o= Ap Mky =Nk,

) ko
and 8= Ay Mk; to obtain
A Po ks
= £ (12)
- ]

Ao =1L 1+ 1+hi+is7l( 1+1+h!
The inductance of the output winding can then be written

Lo = Noo  Nos - P

Similar logic may be used to determine the inductance of the signal

winding as
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I, = + =L (L4 _X _V+Mm+_~Z ) (14)
5= Ass T heo T T+n ™ T+n

j'S iO

These inductances consist of self and mutual inductances which are made
up of an air inductance plus the contribution of the film. The assumptions
made in this derivation were that $ was small, the flux density was uni-
form and that the frequency was low so that quasi-static conditions would
prevail. With these restrictions the inductance is seen to be only a
function of the magnetic field intensity due to the currents in the
carrier winding. When these currents cause the inductance to be a time-
varying linear quantity, the conditions for the Manley-Rowe power rela-
tions exist and the device is capable of transferring power from one
frequency to another.

The expression for flux in the output winding assumed currents to
be flowing in both the output and the modulation coils. If it is assumed
that the current in the output coil is negligible or zero, as in the open

circuit case, the flux in the coil becomes

Q:Apohs+Astin,5 (15)
and the flux linkages can be written as
A=MNap b, + WA Msiné (16)

By letting NAfM = 7\f and remembering that h8 = ksis, N becomes
A= (N8 u k)i, + A sin $ (17)

The term in parenthesis in equation 16 is the My that follows equation 11,
and 7\£ is defined as the maximum flux linkage contributed by the film.

The voltage induced in the output winding will then be

ey = A2 =o,,_3;:_§ + Ap dlsin §) (18)

dt
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This voltage can be thought of as being the sum of two voltages; one
induced across an air inductance and the other being contributed by the
rresence of the film. In order to determine the latter it would be
necessary to determine the time rate of change of sin f#. Read (6) has
derived an expression for the dynamic behavior of the angle ﬁ and from
this he has developed an expression for the current flow in the trangverse
winding. This expression can be interpreted as a node voltage equation
for a parallel circuit containing several nonlinear elements. The voltage
across this parallel circuit is found to be equal to the voltage across
the terminals of the inductance due to the presence of the film. One
of the nonlinear elements arrived at is identical to the component of
the quasi-static inductance of the output winding that is contributed
by the magnetic film. In this discussion the film component of the quasi-
static inductance is that contributed by the film to the mutual inductance
of equation 13. From his results Read (6) arrives at an equivalent cir-
cuit, Figure 5A, for the dynamic model of the thin film inductor as seen
from the terminals of the input winding. The resultant circuit is arrived
at by considering that the air inductance is external to the terminals
or is negligibly small and that the winding resistance and interwinding
capacitance can be accounted for by placing equivalent R and C components
across the terminals.

If appropriate conditions exist it is possible to reduce the equi-
valent circuit shown in Figure 5A to the "linearized” equivalent circuit
of Figure 5B. These conditions are listed by Read (6) as: 1. That the

spin resonance of the ferromagnetic electrons occurs at a much higher

Sfrequency than any of interest in the balanced modulator. 2. That the




Figure 5. The equivalent circuits of the thin film inductor.
(A) The equivalent circuit for the dynamic model.

(B) The "linearized® equivalent circuit for the quasi-
static model.
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alr inductance is considered to be in series with the parallel arrange-
ment of the RLC network or that it is assumed to be small and its effects
can be gbsorbed into an equivalent parallel capacitance and inductance

at the winding's terminals. 3. That the angle of rotstion of the magnet-
ization vector remains considerably less than 90 degrees. 4. A capaci-
tance much greater than the C due to the film and a conductance much
greater than the G due to the film must be added externally to be able to
consider the conduciance and capacitance of the equivalent circuit to be
linear.

The "linearized" equivalent circuit was developed by considering
the dynamic behavior of the equilibrium angle 4. Another approach is
to determine the Thevenin equivalent impedance by deriving expressions
for the open circuit voltage and the short circuit current that would
exist in the output winding of the balanced modulator. This derivation
follows.

The position of the magnetization vector..iﬁ is determined by the
externally applied fields and the anisotropy field in the plane of the
£ilm. When a d~c modulation current and an a-c carrier current are flow-
ing in the modulation and carrier windings, M will be rotated in the plane
of the film to an equilibrium angle, ﬁ, where it will be rocked about by
the time-varying carrier field. If it is assumed that the carrier current
is ic = Ic sinw,t, the output current is 1 = I, sin w,t, the modulation
current is i = I and the perturbations of ¥ about § are small the
balancing of forces requires that

I, sin w b Ncsin“ + §sin Ww,t) + Hksin(ﬁ + 8§sin wct) cos(f + 3sin uct)
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= INcos(p + T sinogt) + Igsinwt Nocos(f +8sinwt)  (19)
where the terms, starting from the left, refer to the forces produced by
the carrier, anisotropy, modulation and output fields respectively. The
term §sinw t refers to the small perturbation of M sbout p. The re-
Placement of sin(g + §sinwgt) and cos(p + Ssin wyt) by their trigo-
nometric identities and the assumptions that cos( § sinwgt) ¥ 1 and
sin( §sin wgt) T § sinwgt enable one to write
NoI sin wot(sing +5sinw t cos §)
+ H(sin § + §sinwet cos g)(cos § - Ssinw t sin ¢) 20)
= I N (cos § - §sinw,t sin ¢)
+ Iosinw,t N (cos § - §sinwgt sin §)
Multiplication and equating of coefficients produces for the d-c term
By sin § = LNy (21)

for the sinw,t term

IN, sin $ - B § (cos?é - sinzﬁ) = IN, cos yS-ImNm Ssin p (22)
for the sin® y,t term

IN, cos ¢ - H Scos § sin p=IN, sin ¢ (23)

From equation 22 with I, = 0 (the open circuit condition)

Sm . IN, sin ¢ , (24)
Hk(cos2 $ - sin” §) + TN sin §

and from equation 21

sin § = Loy (25)

By
The open circuit output voltage is

e, ¢ d sin(g + Tsin wﬁ = Ny d(sin $ +§cos p sinw,t)
dt at

="y WeScos $ cos wyt (26)
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from equation 18,
Substitution of & from equation 24 into equation 26 results in

e, = We Ar cos § (<IN, sin g) cos wet

Hy (cos® ¢ - sin® ¢) + InN, sin b (27)

Under short circuit conditions the fields produced by the time-varying
carrier and output currents will be much larger than the d-c modulation
field and the anisotropy field of the film. With this thought in mind
and the assumption that the perturbations of M about $ are small it can
be said that

1N, sin § = 1 Ny cos é (28)
for short circuit conditions. Thus, the short circuit output current is

1 =4, Nesing _ 1 Nosing gyt (29)

Ny cos z No cos Z

and Io = IéEE EEE )

No cos

The ratio e, (open circuit) to i, (short circuit) will give the Thevenin

equivalent impedance. Switching to phasor form, making some substitutions

and simplifying the impedance is

2
N
, o welt oo ! £° (30)
(o] Hk (3032 ‘ - 81“2 ‘) + ImNm sin ‘

If the angle § is small

w

Z
°

we 7y Yo fooe Oy
It is to be noted that the impedance is entirely inductive, as would be
expected since no loss mechanisms were considered, and that it is only a

function of the carrier frequency, characteristics of the film and the
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number of turns of the output coil squared since 7} = NoMA.

With the preceding discussion of the thin film inductor and the
attendant assumptions and restrictions in mind it is now possible to
develop a theory of its operation in an up-convertor amplifier.

To compute the operating characteristics of the up-converter the
circuit shown in Figure 6 will be used. For this development the G and
the C of the equivalent circuit for the thin film inductor are omitted.
This is permissible in the case of the capacitance because the frequency
of operation is much lower than the spin resonance frequency of the
ferromagnetic electrons from which it arises. Whether or not the con-
ductance can be omitted depends upon the particular thin film inductor.
Since its presence would only change the values of the currents Is and
I, by a constant, G is omitted for simplicity. The signal circuit is
indicated by X, and R, together with a filter, f,, that allows only

current at the signal frequency to flow. A similar circuit containing

Xo,

put frequencies are so close to the carrier frequency, it is possible to

R

o and £ is shown for the output frequencies. Since the two out-

assume that XB will represent the reactance seen by both frequencies in

the output circuit.
Read (6) shows that the thin film inductor of the form

. ,
L=M1+ 1+ny (32)
may be written as .
a a
L=M02+ -5 - 2_1. cosw, t) (33)

if the following restrictions are noted: 1. That the carrier current

ie small, 2. That the carrier current consists of a d-c¢ plus & sinusoidal



Figure 6. Circuit used in the accompanying derivation of the
gain from the thin film parametric amplifier.
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quantity. Since these restrictions apply in the balanced modulator
operation, this expression will be used for inductance in the following
derivation. The inductance is seen to be a linear time-varying quantity
which can be written

L ="h[1 + _g_s_ - ?_ (a3"et + e'j“ﬁt)] (34)

For the tuned circuit considered the only large voltages which exist
across the inductor are at the signal frequency and the sum and difference
frequencies. These voltages and the resultant currents through the in-

ductor may be written as

-Juyt - - . }

is= Iseijt + Is*e-jwst + 1 ejw_t + I-*e-jW_t_’.I-’.eth + I+*e-jw+t (36)

where w, and\y_ are the sum and difference angular frequencies respect-
ively.
The voltage across the inductor is related to the current in it by

dn ali() it
v=dt= dt (37)

Substitution of the values of current from equation 36 and the value of
the inductance from equation 34 into equation 37 produces the following

expressions for Vs, V*, and V_:

v, = I [ﬁ,,'Is + oy I* + ”’111_,,] (38)
V= juf "I, + o),.\'I:‘_] (39)
v, = Ju [T, + w1 (50)

where m} = i+ q’l%ﬂ and "’(1 =y ;}- . The differentiation of equation 37
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produces some &dditional harmonic frequencxies but these are omitted
because they are assumed to be filtered.

Since V* = T* [Ro + Ry + Xo] and V== I+'¥o + Ry + X‘A it may be
shown that - —

I* =1 ‘j"’-’b(l (41)
1
_RO + Xo"'KRL*j""-'hl

W
I-i- =1 : %l (42)

LRy + X # 1R = JW+m

Vs is also equal to V - Is ( R+ Rs + XS) , therefore, substitution for

Vs, I*, and I + in equation 38 produces

V-1, (R+R +3 )
(&
= I_(Ju;) i +”’clz'°" I _ Jwe 2)
S °+X°+RL -ju_'_o?( R°+XO+RL+jw_'),\

Transducer gain is defined as the ramtio of the actual power output
to the available power input. In Figure & the actual power output at

W, is [I +|2 RI. and the available power irmput is J lz .

LR
Since
2 1 22 [ jw
Vi =, |R+R_+X_+} +M oy -
l ! {8 [ ] ] "5[}'1 - <RO+XO+RL-jw+'Q-
2 (k)
W 2 3
Ro+X R+ Jw_tf,
and »
12r =12 | 34" AL (5
R0+X°+RL-jw+m‘1

the transducer gain at this frequency be=comes
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2
G=4 RRIZI!
vl (46)
2
= h jjw +r)’(1k RRL
R°+xo+RL'J“J+'\73'
1 2 2 2
R+R'+x,+jw8[m-‘ +”nl jw, 1"‘\1 Jo_ \.l

As an approximation assume thatw, =(_ and the gain becomes

¢ = (& RRp)(~w,2)(™?)
(R+ R, + X, + Jw,'*nl)z (R, + X, + By, - :)w,,'b\l)

> (47)

Ietting R = Ry + X4 + Jw ”inl and Ry = Ro +X - Jw_,,'n\l the gain becomes

6= )™ (18)
(Rg + X, + Jwym1) (R, + X, = Jwo, m)

Lotting Ra' xa, Ro and Xo be negligible produces a G = w..."”'lz (49)

————————s

wly(m1)?

This gain is seen to approach the ratio of the output frequency to the
input frequency as the coupling becomes better; showing the dependency
of the gain of the device on the coupling obtainable. The theoretical
gain is also the theoretical gain predicted by the Manley-Rowe relations.
Expressions for Vs*, V_ and V,',* are also obtained from the differ-

entiation indicated by equation 37 and these equations plus the equations
* *
V,* - I.*(R#R 4Xs), V. = I_(Ry+R;+X,) and Vy = L, (R+Rp#X,) may be

used to solve for the gain at w _ in the same manner,
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III. EXPERIMENTAL RESUITS

Physically implementing the balanced modulator illustrated in
Figure 4 proved to be no simple task. The small size of the device and
its components as well as the limited equipment available served to com-
plicate the construction. The resultant model suffered from several
disadvantages; exact alignment of the windings with respect to the film
was not attained; the inductive coupling between the film and the signal
and output windings was reduced by air gaps; the thin film did not become
a single magnetic domain material, even under rather high bias fields,
and as a consequence the sensitivity of the device was limited by Bark-
hausen noise.

The plated wire used in the modulator was rather small and it was not
possible to determine if the rest direction of magnetization of the plated
material was exactly circumferential to the axis of the wire. It is
possible that some unbalance may have arisen at this point. The plated
wire was dropped into the capillary tube so it would not be subjeet to
strains that would introduce magnetostrictive effects. The output winding,
made up of two coils each containing 200 turns of No. 44 wire, was wound
on the outside of the capillary tube. It is apparent that the glass wall
of the capillary and the air gap between the plated wire and the inner
wall of the tube would reduce the coupling between the output winding and
the £ilm. The modulation or signal winding was made up of two coils each
containing approximately 5000 turns of No. 52 wire. These coils were
wound on "red fiber" coll forms that had holes through their center so

they could be slipped over the output winding. Again a gap was introduced
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by the walls of the coll form, the glass of the capillary, the output
winding, and the air that separated the modulation winding from the film.
While each winding was centered around the capillary tube and the inside
diameter of the tube was made as small as possible, there were still spaces
present that may have been sources of misaligmment. By having the output
windings wound in opposite directions some of the effects of improper
alignment would be canceled.

The carrier frequency power was supplied by a crystal controlled
vacuum tube oscillator operating at 5.5 me/s. This value is not critical.
A rather high frequency was selected primarily because of the advantage
in power gain that would result, but a disadvantage in using a higher
frequency is the closer coupling that would exist between the carrier and
the output winding due to the interwinding capacitance.

Conventional vacuum tube and transistor power supplies were used
for the carrier oscillator and the various bias currents used, but at
low levels it was found that these sources introduced an appreciable
amount of noise into the system. Therefore, for low level measurements,
it was necessary to use a battery to supply power for the vacuum tube
filaments and the d-c bias currents in the carrier and the modulation
windings.

As was mentioned d-c bias currents were used in both the carrier
and the modulation windings. A d-c bias current in the carrier winding
maintains the film in a single magnetic domain and tends to align the
magnetization vector, TE; in the same direction as the magnetic field of
the carrier winding. A d-c bias current in the modulation winding can

be used to correct for misalignment with respect to the modulation winding
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to obtain a more nearly balanced output.

Stray field effects such as that of the earth's magnetic field
tend to be disturbing or helpful depending upon their uSage. Sometimes
the earth's field may be used to supply a portion or all of the d-c bias
field that maintains the film in a single magnetic domain, but this is
not an entirely satisfactory arrangement. The most suitable situation
is to effectively shield the device with a high permeability material
so external fields will have no effect and all of the other fields used
in the modulator are controllable.

If it is assumed that all external sources of noise have been
eliminated and that the device operates as a true balanced modulator
the only noise source known to exist in the modulator itself would be
modulated thermal agitation noise. The currents that flow as a function
of thermal agitation affect the modulator in exactly the same way as do
signal currents.

Some external sources of noise that may be present are:

(a) Noise produced by the exciting oscillator.

(b) Noise arising in the amplifier following the modulator.

(¢) External stray field effects.

(d) Thermal currents that would arise from resistive elements

in the systenm.

Basically the balanced modulator is a small signal device. Samuels
(9) has shown that the modulator becomes extremely nonlinear as the mod-
ulation current is increased beyond certgin limits, Since the primary

purpose of this study was to investigate the thin film balanced modulator

in the low level, low frequency range, measurements were limited to the



linear region of operation.

The open circuit voltage output of the modulator as a function of
the input voltage is given in Figure 7. The voltage gain is seen to be
small, on the order of l.44. The output is linear for input voltages
from 0 up to approximately 6 volts peak to peak. Beyond this the output
shows some distortion. Substantially identical open circuit character-
istics were obtained at 100 and 1000 cps.

The effect of resistive loading on the modulator was measured at
three frequencies (10, 100, and 1000 cps) to determine the apparent out-
put impedance. The results are shown in Figure 8. Two of the measure-
ments were begun with output voltages of 4.6 volts while the third
megsurement was begun at 2.5 volts, Inspeé£ion of these curves indi-
cates that the output impedance is relatively small and approximately
the same for the three frequencies. Since the d-c resistance of the out-
put coil is approximately 9.37 ohms and the output impedance is about
200 ohms, most of the impedance is reactive; as is suggested by the
Thevenin equivalent impedance derived earlier. The Thevenin equivalent
impedance was not a function of signal frequency and did not consider o
any loss mechanisms. The value of 200 ohms measured amounts to the
approximate value of impedance ascribable to the air inductance of the
output coil.

The output of this particular modulator with two different resistive
loads (1000 and 10,000 ohms) was measured to determine its range‘of
operation as a function of frequency. The results are given in Figure 9.

It is seen to have a bandwidth of about 20,000 cps starting at d-c. The
upper cut-off frequency is determined by the inductance of the input coil.



Figure 7. Open circuit output voltage of the amplifier as a function
of the input voltage.
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Figure 8. Output voltage of the amplifier as a function load resistance
for two different initial voltages and three different
frequencies.
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Figure 9. Output voltage of the amplifier as a function of frequency.
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Current gains of 21.45 and 4,75 were obtained with two different
types of resistive loads. The higher galn occured with what was approxi-
mately a matched load of 170 ohms at 100 cps, while the lower gain re-
sulted with a relatively light load of 1000 ohms at two frequencies (100
and 1000 cps). While the increased load seems to have a point in its
favor with the higher current gain, the useful range of signal input was
limited by the distortion in the output at the larger signals levels.

The distortion probably appears when the field effects of the current in
the output winding become large enough to influence the operation of the

modulator.

Different methods were used to demodulate the output of the balanced
modulator. The first utilized a vacuum tube as a mixer followed by a
low-pass filter. In addition to the mixing action an amplification of
the signal input is also realized by the use of this method. The re-
sultant voltage gain of the system came to 15.3 as compared to the voltage
gain of 1l.44 from the modulator alone. A disadvantage that attended the
use of the vacuum tube was that at a low level signal input some noise
appeared in the output. This noise was eventually traced to the filament
of the tube. It is possible that the noise could have been reduced to a
negligible value by the use of a battery to supply the filament power.
Another method of demodulation involved the use of transistors in a linear
adder and the subsequent filtering of the output from the adder. This
system was more satisfactory for a low signal input condition but the
voltage gain obtainable was only 2.29 and the magnitude of the input

signal that could be handled was reduced considerably by the limitations

of the adder circuit. A low noise amplifier was designed and cascaded



Figure 10. Output current of the amplifier as a function of
input current at a matched load (170 ohms) and a
load of 1000 olms.



Cutput current in milliamps

14

12

10

49

/
/'//
/ Ry = 170 ohms
/
(o}
.’/ P
. -
- X’//‘
// R, = 1000 ohms
1 9%
1 i | i
0.2 0.4 0.6 0.8

Input current in milliamps



50

with two commercial amplifiers to obtain a noise measurement of the
modulator. The noise output of this arrangement, illustrated in Figure
11, proved to be negligible when it was compared to the noise of the
modulator.

As was mentloned the plated film did not exist as a single magnetic
domain and as ; consequence considerable noise was introduced by the
Barkhausen jumps that occured when the domain walls shifted. That the
noise did come from Barkhausen jumps may be deduced by consideration of
the data plotted in Figure 12, The graph is a plot of the noise figure
of the device as a function of d-~c bias current in the carrier winding.
As the d-c bias current was increased the magnetization of the film
more closely approached the ideal condition of a single magnetic domain,
or consisted of fewer domains. These results are similar to those ob-
tained by Williams and Noble (12) in their analysis of the Barkhausen
noise present in the second-harmonic type of magnetic modulator using
bulk ferromagnetic cores. Thus, the sensitiviiy of the model used in
these experiments is limited by Barkhausen noise and that to achieve the
low-level, low-noise amplification hoped for it would be necessary to
have single domain magnetic material.

The average noise figure obtained in measurements on this modulator
is seen to be in the order of 2 x 103. This is so large that it is almost
ridiculous, but it does serve to illustrate the extreme sensitivity of
the device. For noise measurements under ideal conditions the only in-
put to the modulator would have been that equivalent to the thermal noise
that would be added by the noise generator's internal resistance, with

the actunal ontput of the noise generator equal to zero. However, when the




Figure 11. Equipment used in wmaking noise measurements. (A) The magnetic thin
film parametric amplifier, a low noise transistor amplifier and a
detector. (B) A block diagram of the equipment used in making noise
measurements on the parametric amplifier.
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Figure 12. Average noise figure measured, using the system
i11lustrated in figure 11B, as a function of d-c
bias current in the carrier winding.
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measurements were made, additional inputs were detected coming from

such sources as the 60 cycle magnetic fields in the building ete.

While these effects themselves were large enough to appear in the out-
put of the device and add to the "nolse", they also probably inereased
the Barkhausen noise content mentioned earlier. Until the effects of
these stray fields may be eliminated the true noise figure of the ampli-
fier cannot be measured.

As a result of the demonstrated ability of the up-converter to
detect weak magnetic flelds an experiment was made to get a feel for its
suitability for use as a magnetometer. While the measurement was rather
crude and there was a degree of canceling because the output windings
were wound in opposite directions, a change in field strength of approxi-
mately 5 x 10-5 oersted was detected. There is good reason to believe
that better sensitivities could be attained if a thin film up-converter

were designed specifically for this application.
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IV. DISCUSSION

The results of this investigation indicate that the thin film
balanced modulator can become a very useful tool as an up-converter amplli-
fier for low-level, low-frequency, low-noise applications. There is a
need for devices of this nature. It should prove to be rugged, stable
and sensitive, with a sensitivity that is limited only by inherent
thermal noise.

Future studies on this particular type of modulator should probably
be made in obtaining experimental results concerning the applicability
of the equivalent circuit that has been developed. Other studies could
investigate the application of an array of these up-converters in mag-
netic field sensing devices.

The most important work to be done before any of these applications
of the thin film inductor will be fruitful lies in the area of fabri-
cation. The necessity for single domain magnetic material has been
illustrated in this study, and the problems of proper alignment of the
various windings and the film have been mentioned before. Since these
jtems are so critical in the operation of the balanced modulator and
the up-converter amplifier, and since the material and the windings
are so small, probably the only way to solve these problems is some form
of machine of assembly. In any event a good deal of work in the fabri-

cation techniques necessary to produce these devices is still needed.
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VII. APPENDIX
A. Thermal Noise

Given two resistors in thermal eguilibrium at temperature T and
connected together as shown in Figure 13A the energy generated in R1
by the random motion of charges will be absorbed by RZ' and that gen-
erated in R2 will be absorbed by Rl' Since the resistors are in thermal
equilibrium, the power flowing from R1 to R2 must equal the power flow-
ing from R2 to Rl’ Iﬁ addition to the requirement that the energy being
exchanged between the resistors be equal it 1s also necessary that the
energy exchanged between the two resistors must be in equilibrium for
every infinitesimal frequency range df. If this condition did not hold
it would be possible for one resistor to extract heat from the other by the
use of a nondissipative band-pass filter. Because both resistors are
initially at the same temperature such an exchange of power would con-
tradict the second law of thermodymamics.

The next step is to consider an infinite length of transmission
line and to restrict the energy transfer to a given frequency band, df,
in which only the lowest mode can be propagated. (This would correspond
to the vrincipal of the coaxial line or the dominant mode of a wave guide).
When the transmission line is in thermal equilibrium at temperature T,
it will store electromagnetic energy in a given unit of its length in a
manner similar to the storage of heat energy in a given volume of gas
at a temperature T. The heat energy of a gas arises from the random

motion of its molecules, while the heat energy of the transmission line

will appear in electromagnetic waves of random phase traveling back and



Figure 13, Clrcuits used in the accompanying derivation of the
thermal emf present in (A) a resistor and (B) an
impedance at a given temperature T.
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forth in the transmission line. It can be shown that the average stored
electromagnetic energy per unit length of line equals 2(xT/c)df where

k is Boltzmann's constant, T is the temperature in degrees Kelvin, ¢

is the velocity of light and df is the frequency range in question.

Since the energy is traveling to the left and to the right at the velocity
¢, the energy flow through a cross section of line will be egual to that
stored in a section of the line ¢ meters long. From this it follows that
the power flow to the right or to the left in the freaguency range df will
be kTdf since half of the power stored in a given sectlion of line will

be flowing in each direction.

If the resistors R1 and R2 are connected at either end of a finite
section of the transmission line described above and all those elements
are at temperature T it is also necessary that there be an equilibrium
of energy transfer in very infinitesimal frequency band.

Allow the resistors R1 and Rz to have the property of absorbing all
energy incident upon them from the line. This would correspond to letting
the resistors be equal to the characteristic impedance of the line or wave
guide and they would then be electrically equivalent to an infinite length
of transmission line. With all of the elements in thermal equilibrium
the transmission line will still have the same electrical properties
discussed before and power in the frequency range df equal to kTdf will
be flowing to the right and to the left. This requires that Rl and R2
each absorb power kTdf in this frequency range. The condition that Rl
and Ry are in thermal equilibrium with the line and with each other re-
quires that both R1 and R2 mustvalso radiate power kTdf in the frequency

range df. The power absorbed by Ry in the frequency range df may be
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assumed to arise from an emf, ep, originating in RZ' For the matched

impedance condition R1 = R2 and the current through R1 equals e2 , The
2Ry

3
power absorbed by Ry equals Ry 52_° = 92 = kIdf. Therefore
2Ry I&Rl

eé = 4R kTdf. Or the effect of electrical fluctuations caused by a

-

resistor R at uniform temperature T is equivalent to that of an emf, e,,
whose mean square value is 4JRKT4f in the frequency range df.

This approach may now be expanded to the case of a resistor con-
nected to an impedance as is shown in Figure 13B. The two elements are
assumed to be at a uniform temperature T. The power absorbed in Rj is
equal to the power transferred to Z by R, and the power absorbed by 2
is equal to the power transferred by Z to R1 in keeping with the equi-

librium condition. The power absorbed by Z from R1 equals

F —

<
= Al
R2 L (Rl"l'Rz)z + X% N

and the power absorbed by Ry from Z equals

gg A2
TS
Equating these two powers and solving for ;g gives
o5 = KTRAf e

or the effect of thermal noise in an impedance Z = Ry + jX2 is equivalent
to an emf e, in series with a noiseless Z; with the mean square value of
ey being equal to 4kTAf times R, or the effective series resistance of Z

at the frequency in question.
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