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CHAPTIR 1

INTRODUCTION

Major difficulties are encountered when d-c¢ - _..ifiers ars ueed
to amplify low-level low-freguency signals. These difficulties are mainly
problems of zero-drift and noise. One of the most successful technigues
in circumventing the drift and noise prodlems is to convert the low-
frequency inteliigence to a freguency permitting conventional a-c ampli-
fication. The means for =accomplishing the frequency conversion have been
mainly mechanical--choppere, vibrating capacitore, and similar devices.
These devices by their very nature, muet be operated at relatively low
eampling rates and are subject to the usual failures of moving equipment.

This paper presents an analysis and deeign criteria for tie mag-
netic modulator. The modulator, as a frequency conversion deviée. offers
solutions to the problems stat:d above., It converts low-level low-frequen:y
signals into an empl!iunde-modulated suppressed-carrier output. The device
has extremeiy low inherent zero-drift, wide dynamic range extending down
to d-c, and considerable power gain. Along with these electrical charac-
teristice, the modulator has no vacuum tubee, no moving parts, ror does it
require critical adjuetment; hence it (s extreamely rugged and practically
naintenance free,

In spite of the modulator'se deairable features, it has not found
widespread application. A glance into the history of the magnetic modulator
indicates why its striking characteristics have not been previously ex-

ploited, and what is needed to exploit there characteristics more fully.

-1-
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The basic cperating principle of the magnetic modulator has
tecn known for many yeers., In the early twentiss the Bell Telephone
lavoratories carried out preliminary investigation of the modulator
(Ref. 4). However, the lack of high permeadbility magnetic materials and
the advent of a new and interesting device--the vacuum tube--caused re-
search on the magnetic modulator to bog down and for the next 15 or 20
years the device lay dormant.

During World War Il the modulator was re-examined, and with
the aid of new magnetic materials, developed int> an extremely sensitive
air-vorne magnetometer for use in submarine detection and geological survey
(Ref. 5). B8ome basic analytic expressions for the characteristics of the
modulator were formulated at thet time but these are not of sufficient
generality to be of use in the over-all design of magnetic modulators.

In 1950 Williams and Noble (Ref. 11) indicated that the funda-
mental limitation on signal level was the presence of Barkhausen noise
inherent in the core material. This established the lowest detectadble
signal level at abcat 10739 vatts per cycle of bandwidth.

In 1951 Manley (Ref. 8), of the Bell Tolephone Laboratories,
sst forth some expressions for output voltage, powsr gain, and rise-time;
dbut once again the results do not readily lend themselves to design pro-
cedures.

Thus the need for a general unalysis of the operation cf the
magnetic modulator is felt. The analysis presented here is the result
of a comdbined physical, geometrical, and methematical interpretation of
modulator operation. ZExperimental work has been carried out to verify
the analytic expressicns. On che basis of the analytic and experimental

work some general deesign considerations are discussed,
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CHAPTER 11

MATHEMATICAL ANALYSIS OF OPERATION

2.1 Principle of Operation

In its most genersl form, the magnetic modulator can be repre-
sented by the bdlock diagram shown in Fig., 2.1. Notice that this device
differs from an ordinary modulator in that the even harmonics of the ex-
citation (carrier) are amplitude-modulated by tﬁe signal while the carrier
itself is not. Any one of the even harmonics can be ermployed as the output
or the summation of several or all even harmonics can be used,

In {ts simplest form, Fig. 2.2, the modulator consists of a
single high-permeability toroid wound with a separate winding for exci-
tation, signal, and output.

If the excitation current waveform has zero-axis symmetry, then
the resulting core flux (and hence the vcltage induced in the output wind-
ing) contains only fundamental and odd-harmonic components because of the
odd-symmetrical character of the hysteresis loop of the core. If a d-¢
or modulating frsquency signal is applied to tha signal winding, evon-
harmonic components aleo appear in the output., JYor small values of signal
there exists a linear relation between the signal and the amplitude of the
even-harmonic components., The sense of the signal is preserved in tiie phase
of the output with respect to the excitation,

The extremely low zero-drift of the modulator arisee from the
symmetrical character of the hysteresis loop around which the device
operates, This symnetry is not disturbed by either temperature or fre-

quency.
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FIG.2.1 Generai Magnetic Modulator

Signal Output
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O

FIG.2.2 Simple Magnetic Modulator
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Separate windings may be used for excitation, signal, and out-
put as shown in Fig, 2.2; or twoc or more functions may be served by a
single winding thus allowing winding epace to be used to test advantsge.

Tiere are mary modes of operation of the modulator. ZExcitati--

and/or signal may be supplied from voltage or current sources or frem
sources of finite {imredance. Ths cutput may be taken as a voltage or a
current.

The analysis which follows treats the case where toth signal
and excitation sources are of high impedance and the output is taken as

a voltage,

2.2 No-8ignal Operation
The circuit to be analyzed is shown in Fig. 2.3. Tunctionally

the output voltage is given by!

o) = ~¥a® cwadm]  ®o- e W

In order to set up useful mathematical relations ‘or the overa-
tion of the modulator it is necessary to descrite analytically the non-
linear flux-current characteristic shown in Fig. 2.4(a). A reasonadle
piece-wise linear approximation; incorporating maximum permeability, finite
saturation permeability, and hysteresis, is indicated in Fig., 2.4(v).
Fig. 2.4(c), which assumes no saturation permeavility, has been found
adequate when the maximum permeability e ““ ;. II hystereeis is neglectied
the approximatior. of Fig. 2.4(d) results,

A geometrical interpretation of equation (1) using the simplest

approximaticn to the flux-current characteristic is shown in Fig. 2.5.



High impedance High impedunce
excitation source signal source

FIG. 2.3 High Impedance Modulator

g @ s g

i
(a) (b) (c) (d)

FIG. 2.4 Approximations to Flux-Current
Characteristic
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Sinusoidal excitation current can be approximated by the trapezoid shown
for eimplicity in tre analysis. The validity of this approximation is
borne out experimentally; {ts maximum error will de showsn analyticeally in
ssction 2.4,

Fig. 2.5 indicates that if the excitation current is trapezoidal,
the flux s also a trapezoidal function of time. The outovut voltage, found
from the time derivative of the flux, consists of rectangular pulses.

A Tourier Series expansion of the output voltage will yield its
harmonic components. Consider the output to coneist of the sum of a set
of positive pulses and & similar set of negative pulses shifted v radians.

These sets are given raspectively by:

o0

(0 = %o Z 2s i, 206, 2 (2)
no
)

l_(t) -.——.g- - 2—" sin 9¥-§ cos (gﬁ + nﬂ) (3)
n=

The output voltage is therefore:

e (t) = £.(¢) + £ (¢) = Z-n;un(g)[ (2’”‘ Hm)]

Using the fact that cos(x ¢+ y) = cosx cosy - sinx siny, equation (&) re-

duces to:

o (t) = Z [1-(1)]-1119-"8 .g_n_;_l . (5)

Kote that oo(t) contains only odd harmonice sinca wren n is even

[} = (-1)n] is zero.
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2,3 Operation with Signal

When a sicnal I (corresponding to a magnetizing force equal to
Ho) is applied, the dotted lines in Fig. 2.5 indicate the manner in which
the output is altered. With signal, the positive set of pulses is advanced
by amount § radians and the negative set retarded by the same amount. The

Fourier SBeries for these sets are given respectively bdy:

oo
£,(t) = Lg* Zfﬁ-lin %‘sco. (Zn;t +n¢) (6)
£ (t) = - Z lin cos (‘?—m!'1 + o - n¢) . (7)
- .

The output voltage is:

oo(t) =f.(¢) +£(8)= Z 8 (ﬂ)[ (—# nd) (2n;t +nm - n¢)J.

i (8)

Applying the trigonometric identity used adove, equation (8) reduces to:

°(t)“ z— sin 92—'8 [1-(1)]cotn¢coljﬂl

n=l

- [1 + (-1)n] sin n@ sin Zn;t } . (9)

The geometrical pa-ameters a, &, and ¢ of equation (9) can be re-

Placed by electrical equivalents derived from the geometry of Fig. 2.5t

B -
tan @ = uhtan)"- uh-ﬁ (10)
‘r
§ e Z (time required for excitation to reach B,) (11a)
B ¢
8 - 2 L1 a 2 AT g (llb)

tan 'y Hm
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g 4B m -&
a:-BOAxJ.O aTu-HAuhtrxlo
Ho tr 5 t Ho
'] m —— (sec.) = ﬁﬁr—— (red.) .
n

Naking the substitutions indicated, equation (9) yields, for n odd:

. o0
< 4 FANE annt_ B 2nmt_ B
o (t) = - ——"—%—msin —ZL Bieoel—TL 2]cos Entry
o ang T B T H T
r m m
n odd
and for °. even!
o0
L XA u.mnm 2mt n 2n'nt n . 2nﬂt
o (t) = - 0 sin )lin 7
0 S nﬂtr n
n even
Under ordinary operating conditions K°<( Bh' thus!
ennt_ H enmt_H annt H
r o r o r "o
coc‘ T B -1 and cin( T R )—0 7 i °
m m o

Under these conditions equations (1i) and (15) reduce respectively to:

-]
U XA H s2nt H
(B mo e (T ) oy
r o
n odd
= ennt_ H
oo(t)=- ZSHOAunfB x10 a(rr)oin—T
n even

(12)

(13)

(14)

(15)

(16)

(17)

Thus, with the assumption that the signal be small, equation

(17) shows that the amplitudes of the even harmonic components of the
output voltage are linearly related ic the aignal.
In moot applications, only the second-harmonic component ie

used as an output., This is done for two reasons,
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1) Simple narrow-band amplification can be used.
2) The impedance level of the source of the second-harmonic is lower
than that of any aigher harmonic source.

For the second-harmonic, equation (17) becomes!

- H
-8 s
02( t) =(-8 NAufE x10° sin (Nmf T tr)] sin Unft

-3

[~ 2 A -8 Hl
=|-32n No Iu’nf Io x 10 = sin (lmf T tr)] sin Unfe , (18)
L m

2.4 Variation of Output with Amplitude of Excitation

Tguations (17) and (18) indicate that the output voltage is a
function of the amplitude and rise-time of the excitation as well as a
function of the signal. Therefore, an optimum excitation signal is indi-

cated, Its characteristics are found by setting

[} + \ 8 n
-mhm‘n tra-l or 4nf§—tr-2.
m m
Thus! Hm
ke SH.f = tmy . (19)

r

Iquation (19) indicates the optimum slope of the excitation waveform in
the unsaturated reglon.

If the excitation waveform is sinusoidal and given by:

R(t) = B sin 2nft, (20)

ther its iritial slope is:

dH
o B anf B cos 2nft - enf B_ = tm“f’ . (21)
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If this value of slope {s assumed to be constant in the unsaturated regior,
then the optimum amplitude of excitation can be found by equating equations

{(19) and (21):

m
N+

0.0c—ma =
th/- 8B f = 2nf B_ T : (z2)

.
The variation of output voltage (for fixed signal) under the
above assumptior is found by introducing equation (21) into equation {18).

Tris ylelds, neglecting the minus sign!

p. :¢
-t g = en 2 §3 (23)
8N A I 4 E x 10 m
) o

A normalized plot of this variation is shown in Tig. 2.6. The aprroxima-
tion to the magnetic characteristic accounts for the discontinuity in ths
B
cusve at is-- 1,
s

An analysis based directly on a sinusoidal excitation waveform
(Ref. 5) ylelds the dotted curve shown in Fig. 2.6,

The validity of the trapezoidal approximation is shown graph-
ically in Pig. 2.6 and its maximum errors are indicated by the following
argument.

Consider the trapegoidal approximation to a sinmusoid with the
amplitude adjusted to give maximum output according to equation (22) as
gshown in Fig. 2.7. The only region of interest is between E = 0 and
H= H‘ since once saturation occurs the excitation waveform is immaterial,

The maximum error in amplitude occurs at & = ,785 radians, This

error 1is!

€, = .785 - #in.785 = .785 - .705 = .08 ®11%/c . (24)
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+¥16.2.6 Variation of Output Voltage with Excitation Amplitude

A

.0 +——

785 [
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0 s . ‘ — (radians)
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FIG.2.7 Comparison between Sinusoidal 8 Trapezoidal Approximations
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The maximum error in slope occurse &t sin © = , 735, This errsr is:
Es = 1 - coe (ein .755): 1-.615 = .335=:4%°%0 (25)

These quartities represent maximum {netantaneous values of
error, Wren Hm is increased, the difference between dinusoid and trape-
zoid decreases in the region of interest. Values of Hm less than %'H.
are not used since the output decreases rapidly as shown in Fig., 2.6,

Experimental results indicate the errors €a and €s are not significant.

2.5 Dynamical Characteristic (Tima-Constant)

The dynemic response of the modulator and its associated output
filter is a function of the dynemic characteristics of botk the signal input
winding and the output filter. The design of the output filtsr depends
cn the application of tre mcdulator and ite dyranic characteristics can
normally be gynthesized to give any reasonabdble rs;Ponse. Since the output
filter can be designed to give better dynamic response than the signal
input winding, the dynamic behavior of the modulator i{s detsrmined b a
single parameter--the time-constant of the signal input winding.

In so fer as signal is concerned, the signal input winding con-
sists of an inductance L in seriss with the d-c winding resistance Rv'

Thus the winding time-constant is given dby:

L
/r = 7 - (26)
w
The inductunce of the signal winding can be calculatz2 as £21lows:
b I
Ay -8 _
L3t = Yoap 10 @=3BA H= Tog (a7

—————
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2
R ¢ N BA N A
LI VI s ,
L I 10 T m h‘l’ﬂo T 10 x 10 . (1-8)

An average value of u = Hhg corresponding t¢ the 8lope ¢f the magnetiza-
tion curve is used in the calculation of inductance, rather than the max-
{imum value My

Combining equations (26) and (28), the winding time constant

becomes!

Baull
1 - R—":kuf%xlo‘s'. (29)
w w

Important in a system using phase-sensitive demodulation 1s
the time delay caused by hysteresis., As a first approximation this delay
is a constant depending only on the share of the hysteresis loop. Fig. 2.8
indicates the time .elay graphically when an {dealized hysteresis loop and
trapezoidal excitation are considered. The amount of time delay td is

given by!
: ):¢

ty = tag a iitr " (30)

Tor ths case of sinusoidal excitation (see equations 19, 20 and 21):

: t

T 2ntH . ,_d = . (31)
- T

o™

{18

2.6 Power Cain

It has been found experimentally that for high-‘mpedance ex-
citation a reasonable Thevenin equivalent for the modulator as seen by
tre loed consists of a voltage source {n serias with an inductor as

shown in Fig, 2.9. The voltage source E2 is equal to the open-circuit

e S S A S ety i — - S S —— S+
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second-harmonic voltage calculated from equation (18). X, is equal to
| the reactance of the output winding inductance evaluated at the second-
harmonic frequency.
Elementary circuit theory indicates that maximum power tre .sfer

to the load occurs when Ry equals the magnitude of X (It 1s aseumed that

2.
R << 2uwl).
w

Thus the power delivered to RL is:

P, (—-)- (77) -8 ¥t B, x 107°)° [ et T, x 0 )2

.NQ-O

|12| 2(2wl) SfrfI.
v 24 2 -18 2
1288 ”‘mF Ifx10 >4 W 8
= ¥ -3.23 In IfxlO (32)
a
The signal power dissipated in the signal winding is:
vl
Maximum power gain is therefore:
o
. 3.2333-‘-*— ©: x107° .
0 a g1 [Hn
Onax = F,_ " =z5lz) f- (34)
in 1 w\a
ow

' If the signal winding is used for both signal and output as
in T1g. 2.10, then the power gain expreseion must be modified to include
the eienal power iost in RL’ The signal power Aelivered by the aignal

source is8:
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FIG.2.10 Equivalent Circuit for Modulator Employiny
Single Winding for Signal & Outpu!
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B Ii (Rv * RL) < (33a)

The meximum power gain s now:

2
e S () ()

2.7 Figure of Merit

Equation (34) can be rewritten in a form which expresses a

fiszure of merit, Fl’ for modulator operation.

TR W4
y. - Sower Gain __ 0 E(7m|" . (35)
1 Time Constant 4 W B,

While equation (35) does not account for hysteresis, core
loss, or stray effects, it does indicate a fundamental design critericen
for the modulator.

The factor -E! occurs since the permeability upon which the
output voltage depends lldifi'eu'l from the value uged to calcuiate nominal
inductance., 1If experimental evidence indicates that this js actually the
case, the factor % can be considered ae a figure of merit for core

materials. In any event, for a given core material, ths modulator figure

of merit, ’1’ depends only on the frequency of operation.

2.3 Ixtersion of Results to a Practical Two-Core Current-Excited Modulator

If two identical single-core modulators are arranged so thzt
their axcitation windings are in series and their output windings opvoosing,

the combinetion doutles the even-harmonic output components and r=lducts
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the odd-harmonic output components to gero. Tig. 2.11 shows such an

arrangement.

Refsrence to equations (14) and (15) indicates that the odd-
harnonice vary as coe 2nmft whillie the even-harmonics vary as sin 2nrit.

The output vcltage in Fig, 2.10 is given by:

eo(t) = o:,(t) + e;(t) 5 (36)

Tor odd harmonics:
eo(t) = (constant) [cos 2nnft + cos (2anft + nﬂ)] =0 , (37)
For even harmonics:
eo(t) = (constant) [cin 2nnft + gin (2nnet + nﬂ)] = 2 (constant) sin 2amft , (38)

Ixpressions governing the operation c¢f the 2-core current-
excited modulator are now easily derived from tha previous work:

Voltage output =

B
eo(t) - [- 16¥A R x 10-8 -m(lmr g-! tr)] sin Unfe (3a)
m
2 A -8 B,
o (t) = [. 6yt 31, 21070 et (a ?i‘) oin Untt . (39v)
m
2L Mo h 9
Tine Constant =/ = 3¢ = ln 7"R—° x 1077, (ko)
w w
2E,)\2 >
Pover Outzut = P, = Mg 6.4 ni ;- ? Iif x 1078, (41)
a
P 2
o 8L (M
Power Gain = Gmax = m =5 -R:(LT;) > (42)



- s v = e e e .-

2
Figure of Merit = F, = %(EE) z . (u3)
a

Comparison of equations (29) and (40), (34) and (42), and (35) and (U3)
indicates that the time-constant, power gain, and figure of merit are the
sams for both one-core and two-core modulators. Thus, the only advantage

of using a two-core modulator is the suppreasion of odd-harmonic components.
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CHAPTER III
EXPERIMINTAL RESULTS

3.1 Ccre Parameters

The experimental cores used were two U~79 Mo-Parmalloy toroide
nanufactured by the Armold Engineering Oompany of Marengo, Illinois
(Ref. 1). '"he toroids are tape-wound of 1l-mil tape and enclosed in a
nylon oon‘ainer to prevent depreciation of magnetic properties either dy
handling or wire winding. The physical dimensions of the cores are shown
in Tig. 3.1.

Each core was wound with two 100-turn windings of Ho, 28 AWG
enamaled copper wire. Tor convenience in handling, the two cores were
mounted on a digcarded octal tube-base with each coil end drought out to
a seperate pin on the base, The completed experimental unit 4s pictursd
in Tig. 3.2.

The d-c resigtance was measured with a ladoratory Wheatstone
Bridge and found tc¢ be C.72 ohms per 100-turn winding.

The self-inductance was measured with a General Radio 650-A
Impedance Bridge. The value obtained depends considsradly on the ampli-
tude of the bridge signal. The values ranged from 50 to 100 millihenries
per 100-turn winding.

Magnetic characteristics of the core were determined with the
aid of the circuit shown in Fig. 3.3 which allows the hystereais loop to

be displayed on the face of an oscilloscope,

-23-
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FIG. 3.2 Mounted Experimental Uni



a——————— .y

-26-

The loop can be calidbrated dby maiting use of the following

relations!

= 4 ;08
01&" ROJ“’ at e Ha at x 10

(123 10 )ou B n(;-zz-; 108) o, (44)

o Yy 4
1'7’3 K.—l—é-}-.
The mexirmm permeadility, Hys was found by recording the

hysterssis loop at the frequency of interest and graphically measuring

1ts maximum slope as shown in Fig, 3.4. The value of the saturation value
of mmf, K'. was then computed as the increment in mmf required to change
the flux from zero to its saturation value,

The average value of permeability, Mye WBS assuned to be the
slope of the normal magnetization curve. This curve, Fig. 3.5, was de-
termined by plotting the tips of the hysteresis loops aw the excitation
increased., A straight lire anproximation was made and by determined from
the averagze slope in the unsaturated region.

The above experimental techniques yield the following results!

600 cpe 8000 cps

4
by = 10 x 10 gausa/oerstad W, = 5.3 x 1ou gauss/oersted
b, = 4 x 10u gauss/oersted My = 2.6 x 10“ gauss/oersted

B. = 0.0U2 oersted 0.08 osrsted

10§ i
Ie x E;i;»x. a 4,0 ma, Ie = EEE: HB = 7.0 ma,
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600cps loop

H //m =0 xlO‘gouss/omud

Hg= 0.042 cersted

6000 cps loop

H 5.3 10%gauss/oersteq

Hg* 0.08 oersted

! ‘ FIG. 3.4 Determination of Maximum Permeability /l/,,,
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3.2 Output Voltage Curves

The 2-core current-excited modulator, Fiz. 3.6, was chosen for
experimental work tecavse of its inherent rejection of odd-harmonics and
its relatively larger voltage output. The indicated dot-markings refer to
furdamental components of voltage,

Experimental curves of output voltage ve. excitation amplitude with
fixed signal and output voltage ve, signal with fixed excitation are shown
in Fig, 3.7 and 3.8 respectively. These curves were determined ueing the
bYasic experimental circuit shown in Fig. 3.6. The output vs. signal curve
18 a cross-eection cf the output vs, excitation curve taken at the indicated
values of excitation.

Ixcitation frequencies of 600 and 6000 cps were chosen to give
reasonably large output signals and to be free of laboretory noise at the
power frequency and its harmonics,

The curves shown in Fig. 3.7 can be normalized with respect to
tualr peak amplitudes and also with respect to 8.. This is done for the
case Io S 100 ua. and the results compared to the predicted theoretical
benavior (equation 23) in Tig, 3.9. If consideration is given to the 41f-
ficulties encountered in measuring the magnetic parameters of the cores
and to the approximations made for the hyeteresis loop, the expressions
of Chepter 1l are in fair agreamcnt with these experimental results.

The sxpression for output voltage (equation 39b) becomes, upon

substitution of the magnetic and phyesical parametersof the experimental cores,
\ -5 | Hl
3 - & b
eo(t/ [ 6.73 x 10 umlo. ein 2 i; sin Unfe (Ls)

= I ein Unf¢,

e
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P

For operation at 600 cps, Wy = 10 x lOu and H_ = 0.042 ocarsted (I8 = 4,0 ma).

Under these conditions the "transimpedance” becones:

rl
!12' = 6,79 = 072 x 10 x 10h x 600 sin Z(TE)z Uoko sin 2 (TE) " (46)
0 m m

Equation (45) is an expression fcr tre slope of the curve snown ir Fig. 3.8.

A coxparison of these quantities is shown Telow.

E,/1, (Eq. 46) E,/1, (Fig. 3.8)
I, = 4.5 ma, (600 cps) BUO ohms 3620 ohme
I, =15 ma. (£00 cps) 2040 ohms 1830 ohms

In order to determine the effect of excitation frequency on trans-
izpelsnce, the basic experimental circuit was used to odbtain data for
Fig. 3.10. At each point the amplitude of excitation current was adjusted
to give maximum output voltage. Under these conditions the transimpedance
is theoretically given ty:

':2' = 6732207 ut, (u7)

0

When aprlying equation (47), 1t is important to note that W, 18 a frequency
deperndent quantity. Shown on Fig, 3.1C are theoretical varistions of trane-
icpedance with frequency extrapolated from values of T determined at E00 cps
and 6000 cps.
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3.3 Power Gain Curves

Power gain measurements were made using the circuit shown in
Fig. 3.11. The somewhat elaborate scheme for measuring Io was necessary to
eliminate the need for using a d-c¢ microammetsr of high reeistance in ssilice
with the load B;. The effective internal resistance of the signal source
was about 0.1 ohm, This was achieved by using a L in, length of No, 32 AWG
enameled copper wire for Bi' Using this circuit it was possible, for each
value of BL' to adjust the signal curremnt, Ia' to the required fixed value
without encountering meter loading.

Power output was measured by determining the second-narmonic com-
ponent of the voltage appeoaring across BL' This voltage squared and divided
by BL was considered to ve power output. Power input vas defined as the
Iinv power developed in the modulator signal windings.

Measurements, for signsls of 100 pa,, 30 ua., and 10ua., were taken
over five decades of resistance (BL)' The magnitude of the excitation cur-
rert was adjusted to give maximum ouvtput voltage. ZIxperimental results are
indicated in Tig, 3,12, The variations from a smootk curve are caused by
the inability to accurately sot Io Bessuss of insufficient galvencmeter
sensitivity, If the results zre averaged, and experimental error taken
into account, a smooth curve can be drawn.

The nature of the effective source impedance at the second-harmonic
frequency can be found by comparing the shape of the normalized power output
curve with theoretical power transfer curves for pure resistive and pure
reactive sources., 7This is done in Fig, 3.13. Tor this experimental case,
it ye arparent that a reasonable equivalent circuit for the modulator as
seen by the load consists of a second-harmcnic voltage source in seilce

with & pure reactance,




————— s - ap o o o

SjUSWaINSDIY UIDG 13MO4 10} }IND21D) ¢ O14

_mwda

= uauoow
v  JoyenasQ




5 B

-38-

AJUDYSIS3Y POOT] "SA UDS BMO4 2i°¢ "9i4
(swyo) y

Ol ¢O! 20! ol PO ¢ 20

R
$000 9 — Yono§ioxe ©!

/i
\ _
, ®!
\ i
g ~
% N —=z=b)
ﬁ/ OO =°T f—F—%—3x d
~ e — -O«-\OW nl— - - 2 4 ol
.2@_ Sl l—to—to |©




source

/
/ :
/ / N
/4
v}
tal Reac}ive source \
\

v
/// xperimerttal | \

N
il X
rd 2
O.l 2 S J4 LB 2 5 7 10
_R
Rmox
— 3R> —ANARA——o——
\
C"D R. C"’/ R.
o =—O——
Reaoctive source Resistive source

. FIG. 3.13 Comparison of Power Transfer Curves

Ch e W e s



Reference to sections 2,6 and 2.8 will indicate that maximum power
gain should occur when the load resistance is equal to the output winding

reactance calculated at the second-harmonic frequency.

RX.( for max. power gain) = X, = 2(2wl) = Yul {u8)

- Nﬁ“’a‘ 4n < -8
10

L 100, (28 repeated)

Using the experimentally determined value of g and the measured physical

perameters, Equation (28) yields:

R (for max. power gain) = 4(2n x 600)(.168) = 2540 ohas.
Using the nomiral meesured value of L (75 mh)s

Rz(for uax, power gain) = W(2rm x 600)(.075) = 1150 ohms.
Fig. 3.12 indicates a value of By = 1500 ohms which is bracketed by the
calculated velues,

Trs value of maximum power gain is given by equation (42) repeated

here for convenience!

(ﬁ) £, (42 repeated)

- —— . s o
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Using the measured values of the parameters the theoretical power gain

becomes:
68 by
g .1 10 x 10 a
G == 6—-7—2- (W) 600 = 2220 (uweing calculated value of L)

G . =990  (uetng nominal measured value of L).

Tig. 3.12 indicates a value of O = 1400 which is bracketed by the

calculated values,
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CHAPTER IV

CONCLUSIONS AND DESIGN CONSIDERATIONS

Several aspects of the analysis developed in Chapter II have been
verified by the experimental work of Chapter III, Tha correlation between
the analysis and the experiment is sufficiently high to allow the analysis
to be used as a basis for design of secind-harmonic magnetic modulators.
Presented below are conclusions and design criteria based on the work cf

Chapters II and III and also the work of other experimenters in the field.

4.1 Choice of Modulator Configuration

Perhaps the simplest configuration consists of e single core wound
with a sufficient numder of windings to supply excitation, =ignal, and out-
put requirements. The major disadvantege of such & configuration is the
presence of large odd-harmonic components in the output winding. These
components are usually much larger than the deesired second-harmonic output
signal and, unless selective circuite are used, there exists the poesibility
of overloading the stage following the modulator.

A much better configuration consists of two cores arranged so that
the odd-harmornic comporents in each output wiiudiig cancel sach oiher and
hence do not appear in the output. The degree of odd-harmonic suppression
depends on how well the magnetic characteristics of the two cores are
imatched, FNormally two physically similar cores will be sufficiently well
matched to give on the order of a 10 to 1 suppression cf odd-harmonice,

This can be improved by selecting matched cores or by adjusting the wind-

42..
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ings cn each core to give the effect of matched cores. Differences in the
width of the hysteresis loop can 2 ninimized by altering the number of
excitation turns in one or the cther of the cores. Sirilarly, differences

in maximum flux density can be minimized by altering outrut winding turns.

L,2 Choice of Excitation

A most impcrtant ccnsideration in the choice of an excitation
sourcs is that it be able to supply sufficient mmf to saturate the core.
In addition, the waveform of the excitation must be free from the harmonic
component used as the output. To insure this, adequate filtering in the
excitation circuit is necessary. Modulator transimpedance is a function
of excitation amplitude; thus amplitude stadility 4is important to prevent

changes in gain,

Choice of excitation frequency depends on many factors. Output sig-

nal frequency and amplitude are directly dependent on excitation frequency;
hence equipment following the modulater may dictate the choice.
The most important factors to be considered are indicated below.
Factore favoring choice of low excitation frequency!
(1) Economy of excitation power
(2) Core 1oss, and hence heating, is small
(2} Impedance levels are lower
(4) 7Treedom from winding resonances.
Yactors favoring choice of high excitation frequency: -
(1) Larger gain
(2) Taster time response thereby accommodating wider

bandwidthe of input signal,
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It appears that high frequency operation is advantageous because of the large
gains ard speed of response available. This must te tempered with the fact
that desirable magnetic properties are unfavoradly altered with increases in
frequcncy. Also, since frequencies are ul*imately reached where excitation
power increases at least ae tho square of frequency, temperature rise may

well be the limiting factor.

4.3 Choice of Output

A system which uses the sum of all even harmenic components would
utilige the maximum energy aveilsdble as output. Such a system, however, de-
tracts from the basic simplicity of the modulator by requiring wide-bvand
amplification and demodulation schemes,

8ingle frequency output eliminates the above difficulties, Experi-
mentally it has been found that the 4th and 6th harmonic amplitules are
snaller than the 2nd harmonic amplitude for a given signal. This, coupled
with the fact that the gecond harmonic impedance i1s¢ lower than that of the
higher harmonics, tends to indicate that the sacond-harmonic component is

most desirable as the output frequency.

4,4 Choice cof Core

4,41 Core Material

Materials having high maximum permeability are bast suited for use
in magnetic modulators. Low core losa is important since it i3 desirable to
operate the core at high frequencies without excessive heating. Thus a
figure of merit for core materials operated at the upper end of their use-
ful range car te defined as “mfc' where f, 18 the frequency at which the

core loss becomes appre~tiable,

s oS e R - m—— - a
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Reference to section 2.7 incdicates that an additional figure of
zerit for core materisls night te um/ua. Lack of time, Lowever, has pre-
verted experimental verificaiion of its validity. In the avent future ex-~
perimentation shows that ;.\m/u..a is actuslly a valid figure of merit, an in-
teresting conclusion ceén be drawn. A large vaive of uh/hh suggests the use
of materials with wide, steep-sided hysteresis lcops. TFig. 4.1 ghows how
the width of the hysteresis loop decreases by and hence increases “h/“a'

The so-called "square-loop" materials have the desired character-
istice and would appear useful as modulator cores on the dasis of this
figure of merit.

Listed below are the important properties of several materials which

can bs used in modulator construction.

My H (a-¢) b4
c ¢ “hf
Material gauss/oersted oersted cps ¢ Remarks
Traneformer Irons 5 x 103 1.0 5 x 102 2.5 x 106 Values are for
comparison
purposes
5 4 9
4-79 Mo-Permalloy 10 0.05 10 10 Most practical
in this
application
Supermalloy 5 x 107 9.005 10" 5 x10°  Very sensitive
to mechanical
shock
5 Y 9
Deltamax 0 0.1 10 10 Orain-oriented:
sensitive to
machanical
shock
Ferrites 103 0.5 107 1010 Structurally

waak

———— e g & et
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4,42 Core Shape and Size

Since very high permeabilities are sought, air gaps must be elimineated.
This suggzests the use of toroidal cores., This type of core can be fabricated
in either of two wvays. Tig. 4.2(a) shows a core fabricated from washer-
shaped stampings. This technique obviously cannot be used with grain-
oriented materials. Fig. 4.2(v) {llustrates a core fabricated by winding
several turns of magnetic teye on & non-metallic bobbin,

In order to reduce core losses, lamination (or tepe) thickness
should be minimized. 1l-mil tape is common, %.nil tape is available, and
thinner tapes are in prospect.

If a fixed volume is available for wiadings, both power output and
tine response depend directly on the ratio of core cross—sectional area to
mean core length. Thus, the core size will depend on a compromise between

the conflicting factors,

4.5 ¥indings

The excitation winding should take up as little of the availatle
winding space as possidble, Its wire size and number of turzs will depend on
the mmf required to saturate the core and the internsl impedance of ithe ax-
citation source. The winding should be Adistridbuted over the core so that
the flux densgity is uniform across the area,

Separate windings for signal and output resuls in isolation between
signal and output circuits but reduce sensitivity. 3Separate windings also
allow impedance matching between signal source and modulator and modulator
and lcad, The main advantage of a single winding used for both signal and

output is the increase in sensitivity.
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4.6 Circuits for Realiring Maximum Power Gains

The use of a wingle winding for both signal and ocutput is not always
compatible with impedance matching for maximum power transfer. Three techniques
present themselves as solutions to this problem: (1) separate windings for
siznal and output, (2) the use of a transformer, and (3) “push-puil® arrange-
ments. The choice among these methods depende on the impedances of the sources
to be matched, and the relative frequencies of the signal and cutput,

The matching problem ie fairly easy in the case of a high-impedance
signal source and a load of somewhat lower impedance. Fig., U.3 indicates two
netlods which can be used., A dlocking capacitor for signal frequencies may be
placed in series with BL if esignal and output frequencies are well separated
and if winding rcsonancec do not occur.

In Fig. 4.3 through Fig. 4.5 single-core modulators are shown for
simpiicity. However, ihs circuite are ejuelly affactiva for two-core modu-
lators which, ae shown in eection 2.8, uffer the advantage of suppressing
fundamental and odd-harmonic components,

As the eignal source impedance becomes lower the matching problem
becomes more difficult since the signal source tends to short-circuit the
output winding. The use of a geries load resistance, as shown in Fig. 4, 4(a),
is nut effective because of the undesirable loss of signal power in RL’ The
circuit of Fig. L. U(v) employs a transformer which is used to present low im—
pedance to signal frequencies and high impedance at the output frequency. Tha
major difficulty of this circuit lies in the realization that the transformer
1tself may act as a modulator and introduce output components bearing no

relation to the input signal,
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The "push-pull® circuit shown in Fig. 4.5(a) eliminates the non-
linear difficulties of Fig, 4.4(b) by virtue of the inherent even-harmonic
suspression of such a system, It is necessary that the excitation sources
be 90° sut of phase in order that the circuit act in a "push~pull™ manner
at the second-harmonic frequency. It shoull be noted that two reasonably
well-matched magnetic modulators are necesesary for this circuitr v operate
effectively. In addition, the dynamic characteristics of the ~enter-tapned
transformer nust meet the same requirements as the transforzer in PFig. 4, 4(v).

A modified "push-pull® circuit which eliminates the need of an
external transformer is shown in Fig, 4.5(b). Here the cores themselves act
an the certev-tapped transformer. O(utput is taken from & third set of wind-
ings on the core. 8ince these windings are isolated from the cignal input
windings, the output winding irpedance cdoes not affect the signal power
delivered, By adjustinz turns and wire size, the output winding impedance
can be independertly matched to the load 21. This circuit still requires

that the excitation sources de 90° out of phasa,
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WORK SUGGESTED BY THAE PRESENT STUDY

In maklng this study several questions end avenues of investigation
concening the magsnetic modulator have presented themselvss, Lack of availadle
tine has, however, ieii these quastions unanswered and the avenues untravalad,
In the interests of completeness and also to indicate areas in which further
investigation is necessary, some of the more pressing unknowns are here

briefiy discussed,

5.1 Behavior of Higher Output Barmonics

The reletion between excitation amplitude and the amplitude of sven-
harmorics other than the second needs further investigation. Preliminary ex-
perimental investigation shows that these higher harmonics 4o not behave as

predicted.

5.2 Threshold and Overload Sicnal Levels

No attempt has besn made to carry operation of the modulator to
either of these extremes, A study of methods by which the allowabls range of
input signals can be extended is needed, Although the expressions presented
indicate what might be done to improve the input rangs, its implications
should te considered., The use of feedba:k for improving linearity as well

as dynamic range needs investigation.

5.3 Verification of “h/“h as & Figure of Merit for Core Materinls

An experimental study should bta made in order to dstermine the
validity of this flgure of merit. The study should consider the shape of the

hysteresis loop and {ts relation to modulator gain and time responsa,

~52-
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5.4 Voltage-Excited Modulator

Au incomplete analysis has been made of a 2-core voltage-excited
modulator, This analysis indicates that the open-circuit second harmonic
output voltage depends on the same parameters found in the current-excited
cass. Preliminary exvsrimental work indicates that this 13 actually the case.

The analysis needs to be developed and verified for other then open-
circuit conditions so that analytic expressions for power gain and conditions

for maximum power transfer can he formulated,

5.5 Dstermination of Frequency Response

Since the magnetic modulator is 1docally smited tc Te used as an
element in a closed-loop control system, it would be useful to exprsss the
operation of the device in ths frequency domain and thus write its transfer

function,

5.6 Power Measurement

The measurement of emall electrical powers (1 milliwatt to 10 watts)
over a wide frequency range prasents the experimenter with a difficult task.
Thic is especiaily trus when the voltage and/or current {s not sinusoidal,
not necessarily in vhaee, and contains harmonics of high order. A device
is sorely needed which will measure power of thia charzcter in the frequency

range up to cbcut 1 megacycle,
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