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ABSTRACT

K practical design equation is derived for the transimpedance
of a balanced magnetic modulator for small modulating current signals.
Design is simplified by presenting incremental permeability as a three
dimensional mu surface. Mu surfaces are shown for Ferramics G, H and
I, and their application to magnetic modulatocr design is discussed.
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MAGNETIC MODULATOR DESIGN

EMPLOYING MU SURFACES FOR FERRITES

1. INTRODUCTION

Magnetic modulation of an rf carrier is very useful in a variety of

applications. For example, it may be used in low level de amplification, as in

the measurement of very low current signals from low resistance thermocouples.,

In this instance it serves the same purpose as a high frequency chopper, but
|
with several advantages over other chopper techniques., Balanced magnetic modula-

tion may be used to eliminate the audio amplifier in the modulator of rf trans-

mission systems, such as in telemetering and in single sideband systems where

the carrier is absent.

‘ A balanced magnetic modulator delivers an output voltage at the carrier

lfrequency, the phase being determined by the polarity of the modulating signal,

and the amplitude being proportional tc the amplitude of the modulating signal.

Slnce the input signal may be a varying dc current, the carrier may be at all

times present. When an ac current signal is applied, the carrier is absent, and

nly sidebands are present, By proper core selection and circuit design, a mag-

etic modulator may be constructed with extremely small drift from the balance

t. The presence of a dec unbalancing current in the input signal introduces

carrier voltage in the output for no ac signal. By adjusting the amount ot

nbalance, a normal modulation of any amount (up to 1008b if desired) may be




—  ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN -

obtained for a given input signal level.

The input circuit of the modulator may be wound for a wide range of
impedance levels to match the modulating source. When the input impedance is hig?
a large inductance in the input qircuit is generally implied; therefore, the uppe:
limit of modulating frequencies may be restricted by circuit considerations.

The design equations derived for the simple magnetic modulator apply
equally well to any magnetic material. However, the specific data given are for
ferrites, or ferromagnetic spinels which are particularly well suited to high
frequency operation. = Carrier frequencies up to 50 mc or more may be used with
ferrite cores, and satisfactory operation of a magnetic modulator at 10 me carrier
frequency has been obtained with little difficulty.

Modulating frequencies are generally limited to an order of magnitude
lower than the carrier frequency. waever, there may be additional limiting of tr
bandwidth of the modulating signal because of the inductance of the signal winding
The input to a magnetic modulator is generally a current source, while
the output is a modulated carrier voltage. In the balanced condition the ratio of

output voltage (peak) to signal input current is called the transimpedance., An

expression for the transimpedance of a simple magnetic modulator is derived,
It will be shown that mu surfaces are extremely useful in magnetic
modulator design. In order to introduce the subject of mu surfaces, some basic

properties of magnetic materials will first be considered.

2. INCREMENTAL PERMEABILITY

The basic physical property employed in magnetic modulation is the

variation of incremental permeability Ha with bias field Ho’ Incremental
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permeability is defined as the ratio of A B to AH, vwhen a toroidal specimen is
cycled around a minor hysteresis loop such as 12341 in Fig. 1. AH is the range
of excursion in applied magnetic field, while AB is the total excursion in flux
density caused by the combined ac and de fields. 1In Fig. 2 the dashed curve shows
vhe position of the saturation B-H loop, or major hysteresis loop, for the material,
nd for any combination of ac and de fields the specimen operates within this
1ajor loop. H#A > the slope of the chord of a minor loop is generally smaller
han the corresponding slope of the major loop at any particular value of Bo’ but

therwise there is no particular relation between these slopes.

The manner in which the incremental permeability varies as a specimen
f ferrite is cycled around a major B-H loop is demonstrated by the oscillogram,
ig. 2A. This shows a series of small excursions (minor loops) superposed on a

1
Jor B-H loop for a toroid sample of Ferramic G . This was obtained by a method

which the driving magnetic field applied to the sample contains two frequency

mponents. The two frequencies used here were 60 cycles and 3000 cycles, so that

e specimen performed 50 minor excursions for every excursion around the major

op.
To make the oscillogram clearer, half of the pattern (the negative-

oing portion of the major loop) was blanked off by a synchronized blanking pulse,

he blanked protion would otherwise fall within the upper half of the major B-H

oop (dashed line),

Since the audio amplifier used for driving the core was essentially a

onstant voltage generator, the size of AB for each small excursion was approxi-

ately constant over the range of Ho’ while the size of AH varied because of the

ariation of KA -

Ferramic G is a high frequency ferrite, Body No. 254, General Ceramics and
Steatite Corporation, Keasbey, New Jersey.
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Fig. 2B shows the values H,, B, and pA for several of the minor loops

in the oscillogram. Since these values were obtained by scaling, the data are
somewhat inaccurate. The data are plotted in Fig. 3, and the curve thus obtained

is a A -H curve, frequently termed a Butterfly Loopl.

3. BUTTERFLY LOOPS

To obtain a continuous plot of the variation of K with Ho’ which gives
greater accuracy than the previous method, the envelope of a radio frequency or
high audio frequency wave, derived from the incremental flux excursions, is dis-
played as the abscissa with an ordinate proportional to Ho’ A typical Butterfly
Loop obtained in this ma‘nner2 (in this case at constant AH) is shown in Fig. LA.
If the variations in H, are confined to positive values only, a "half butterfly

loop", or one-way M -H loop, is generated, as shown in Fig. UB.

h. pp -H LOOPS

As will be shown later, the mode of operation in magnetic modulation is
such that the total magnetic field (the sum of the modulating signal, dc bias, and
rf driving fields) does not change sign. For this reason, we will consider only
the one=-way KA -H loop. For semiquantitative work, the data may be obtained as

in Fig. LB. For more accurate work, the variations in Hp must be found from

1

The term Butterfly Loop is more usually applied to a plot of the variation of
HA whenAH is held constant,

2

L. W, Orr, "Permeability Measurements in Magnetic Ferrites" EDG Technical Report
No. 9, University of Michigan, September, 1952,
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pointwise data using impedance measurements or a resonance method,

This variation of Hp for a typical ferrite is shown by the one-way
M -H curves in Fig., 5. It is seen that each curve is double-valued, the higher
value of permeability being obtained for Ho increasing. Curve B indicates less
difference between the permeability for rising and falling Ho than does curve A,
This serves to illustrate the fact that this discrepancy decreases as AH is in-~
creased. However, it is clear that there is also a variation in HA at constant
H0 as A H is varied. In this case, the value of pA increases for curve B where
AH is larger.

In many instances, such as in the design of a magnetic modulator, it is
important to examine the manner in which MHA varies when both H  and AH are
variable, A display of such data may be accomplished by plotting a family of

curves, such as A and B in Fig. 5, but a much clearer presentation is a three-

Jimension plot, or mu surface.

5. MU SURFACES

By plotting u A 2as a function of both Ho and AH in three dimensions,
L T sur:f‘ace:L is obtained. TIsometric projections of three mu surfaces are shown
m Figs. 6, 7 and 8. These surfaces were obtained from Type F109 toroid samples
f Ferramic bodies G=-254, H-419 and I-141. The permeability was measured at 25° ¢
sing a frequency of 10 kc. Each surface was obtained by taking a series of oscil-
ograms similar to Fig. LB, From these the surface contours were plotted in iso=-
etric projection. The curve for AH = 0 (dotted line, Figs. 5, 6 and 7) was ob-

ained by extrapolating the curves of constant Ho back to the plane AH = 0, The

L. W. Orr, "Permeability Measurements in Magnetic Ferrites" EDG Technical Report
0. 9, University of Michigan, September, 1952,
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!
intercept of this AH = O curve at the origin is the value Ho to distinguish it

from the true initial permeability, Koo The values of /'Lo' and max 2T€ given
in each figure,

Since it is seen in Fig. 5 that each KA -Hy curve is double valued, the
mu surface is really a double surface. The upper branch of this surface is for
H, increasing, while the lower branch is for H, decreasing., To avoid confusion,
only the upper mu surface is plotted in Figs. 6, 7 and 8. The spacing between the
two branches of the surface becomes quite small for large values of H, and 4H, the
trend being indicated in curve B of Fig. 5. In most regions of the surface, the
slope d 1 A /dHo is very nearly the same for the upper and lower branches. This

is an important point, since the derivative is the important factor in modulator
design.

Mu surfaces for various magnetic ferrites make it possible to solve
readily several types of magnetic design problems, and to answer such questions

as the following, What is the best material for the job? What is the operating
point for the maximum sensitivity? What is the operating point for the minimum
distortion at a specified signal level?

The application of mu surfaces in magnetic modulator design will be dis-

cussed in detail in the next section.

6, MAGNETIC MODULATOR DESIGN

6.1 Simple Balanced Modulator

One of the simplest forms of balanced magnetic modulators is shown in
Fig, 9. It consists of two similar ferrite toroid cores (a and b, Fig. 9) of
hiniform rectangular cross section. These are wound with excitation windings 1(a)

bnd 1(b) of N, turns each and connected in series. These windings are excited by

]
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SIMPLE BALANCED MAGNETIC MODULATOR.
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rf and dc current generators giving a combined current of Il sin wt + Io amperes.
A dc signal current, IS, is fed through isolating inductor L, to the secondary
windings 2(a) and 2(b) connected in series opposition, and when properly balanced,
the output voltage CH is an rf carrier having its magnitude and phase related
respectively to the size and polarity of the signal current Is’

The operating characteristic of each core is shown in Fig., 10. When
IS = 0, both cores operate at the point P by virtue of the dc bias current I, and
there is zero output voltage. When a positive signal current flows, core "a" is
made to operate at point A while core "b" is made to operate at point B (see Fig.
10). An expression for the peak amplitude Eo of the fundamental component of the
output wave may be obtained by assuming a sinusoidal variation of flux density in
the two cores. The resulting expression1 is

-8
) Ny (L b = 4 a) N, I; 10 volts peak, L)

(o)

Sr

Where Nl and N2 are the number of primary and secondary turns on each core, A is
the cross section area in square centimeters of each core, w is the angular fre-
quency of exciting current of amplitude Il’ ;La and ;Lb are the incremental
permeabilities at points A and B in Fig., 10, and r is the mean magnetic radius?

in centimeters of the toroids.

1

This expression is derived in Appendix A.

2

The mean magnetic radius r of a toroid of uniform rectangular cross section and

inner and outer radii r1 and r, is given by

loge Ty - loge rl

16
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6.2 Calculation of Transimpedance

Over a small range in H, in which the operating characteristic may be

considered linear, we may write

dH#A
(/.Lb - /;La) = 2H (TT)P (2)

o

where the derivative is taken at the point P, and HS is the small additional field

derived from the signal current Is as in Fig. 10. Noting also that

N, I

H = 2 s (3)

s °r

we may substitute (2) and (3) in (1) to obtain
2
2 Am N.IN ° I d )
E, = 1 122 s < a > 1078 volts (L)
25 r d H_ D

In most applications, the input exciting voltage El is restricted to
practical limits by oscillator design considerations, It is convenient to intro-

duce a design peak value of El such that

E = | + B
1 la 2a

20 L Il volts peak,

t 2
AN -8
where I‘i = HAP 1 10 ~ hen., for I = 0,
s
Sr
20 g, AN°TI
w -8
So E, = bp 1 1 10 volts peak, (5)
5r
By substitution in Eq. L, we have
E d
Eo - 1 N22 I ( A > volts peak. (6)
s\ o
StV Bp o d B,

18 -
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d p

where M and A are the values of incremental permeability and its
Ap d Ho A

derivative taken at the operating point P, The transimpedance, Z,, of the device

t

is the ratio of change in peak output voltage Eo to a change in signal current I‘s'

Thus, . . 4
1 2 H
5 51‘ Nl /J’A p d HO

This equation illustrates the following factors in modulator design:

1. The transimpedance increases with El‘

2. The transimpedance decreases as W Ap increases. This is
caused by the fact that the inductive reactance of the driving
windings increases with ,u,‘ Ap thus reducing the exciting
current I.,

1

3. The transimpedance increases with N22. Since the inductance
L2 of the output windings also increases with N22, EO will vary
directly with L2.

k. The transimpedance varies with the derivative (dp A /dHo).

This is one of the critical variables and must be selected by
a proper choice of magnetic material and operating conditions.
For the maximum sensitivity (highest transimpedance), this
derivative must be as large as possible. On the other hand, if
minimum distortion is required, the operating point should be
chosen for little or no variation in (du A /dHo) over the
desired range of operation.

The next section shows how mu surfaces may be used to

facilitate the selection of a suitable material and operating

19
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point with regard to (d/'LA /dHO).

5. The transimpedance is unaffected by varying the frequency.
This follows since w is absent from Eq. 6. It is often be-
lieved that a higher transimpedance is obtained by operating
at a higher carrier frequency, and Eq. 4 would lead to this
conclusion. However, it should be pbinted out that as the

frequency is raised, the inductive reactance L, of the driving

1
windings increases. This causes a reduction in the driving

current Il with the result that the product mIl

mains constant as w is varied, Therefore, the transimpedance

is invariant with frequency.

6.3 Other Design Features

Although the transimpedance is generally the most important factor in
modulator design, several other factors must be cconsidered. For example, the
core material must be chosen to have a relatively low total loss at the carrier
frequency, otherwise additional driving power and overheating of the cores may
become a problem.

In addition, the turns on the signal winding, N,_, may not always be

09
made as large as desired because of excessive inductance in the input circuit.
The choice of N2 and of the isolating inductance L, thus depend to a large extent
upon the bandwidth of the modulating signal to be used. A further restriction

on N2 may come from the output circuit, where particular requirements are needed.
If the output is to drive a vacuum tube, it must work into the capacitive input
of the tube. It may be occasionally desirable to resonate the output inductance

with this capacitance to obtain the argest possible output voltage. In general

this is avoided however, so that a ritical adjustment is not required, and so

20
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that small fluctuations in output inductance, driving frequency, or stray capaci-
tance do not affect the operation of the modulator.

Certain assumptions were made in deriving the transimpedance which may
not be precisely true. For example, it was assumed that the incremental permea-
bility was a single valued function of Ho although it is shown in Fig. 5 to be
double valued. A first consequence of this is that the application and removal
of a rather large pulse of signal current to a balanced modulator will slightly
upset the balance giving a small amount of carrier for no signal. A second con-
sequence 1s that there will generally be a small phase shift between the input
current waveform and the envelope of the modulator output. However, these effects
are generally small enough to be ignored.

It was also assumed that the rt excitation current was sinusoidal.
However, slight variations of the total impedance of the driving windings, and
the nonlinearity of the core material may cause the excitation current to be
modulated by the signal current, and to contain harmonics of the carrier fre-
quency. It may be necessary in some applications to remove the harmonic contentl
of the modulator output by means of a low-pass filter.

6.y Application of Mu Surfaces

As noted above, the derivestive (dup /dHo) is the important factor in
modulator design. A proper choice of magnetic material »and operating conditions
may be directly obtained from mu surfaces.

For maximum small signal transimpedance, the material having the largest

derivative is selected. By examining Figs. 6, 7 and 8 it is found that Ferramic I

1

In another type of magnetic modulator called a magnettor, the carrier is filtered
out and only the second harmonic is used as the modulator output. This is des-
cribed in Article 8 of the Bibliography.

21
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will give the greatest Zt. Although this material has a maximum permeability
(}Lmtx = 2900) smaller than others, such as Ferramic H, its maximum derivative
[(d/.LA /dHo)m = 12,700 per oersted)] is largest.

The point on the mu surface where (d%QA /dHo)max is found also gives
the correct operating point for each core of the modulator. In this case the
cores should operate at Ho = 0,05 oe., and AH = 0.37 oe.

6.5 Practical Design of a High-Z, Modulator

As an example of the method of using the design equations and mu sur-
faces, the design values for a typical high sensitivity modulator are given. It
is assumed that the F-109 core size is satisfactory, and this determines the
values of r and A, Ferramic I is chosen as the best material of the three for
which mu surfaces are shown in this report. This determines the values of
(dpp /dHO)max and A A P’ found from the mu surface as described above, and
fixes the operating pcint at Ho = 0.05 oe, and AH = 0.37 oe., which determines
the size of I, and I1 once the excitation windings (Nl) are designed.

In the design given, Nl was chosen as 50 turns, and N2 was chosen as
200 turns. The choice of Nl is not arbitrary, but is chosen to work with a
particular driving frequency. In this case, however, we shall choose Nl arbi-
trarily, and calculate the required driving frequency. It is assumed that rf
power is available at 100 volts peak.

These design values are tabulated as follows:

dp
r = 0.9 cm Ao 12,7 x 10°
d H
2 p
A = 0.1cnm
Nl = 50 turns = 2 x 103
Kp P
N. = 200 turns H = 0.05 0e
2 o]
E; = 100 v. peak AH = 0.37 Oe

22
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|

To satisfy the operating point conditions, the required values of I0

and I1 are found.

-
L]

SrHO/Nl = }.5 ma,

L

sr(l/zAH)/N1 = 16.2 ma. (peak)

Since we do not have arbitrary control of the current Il? the frequency must be
adjusted so that the proper value of Il will flow. By rearranging Eq. 5 for

frequency determination, we have

8
w Sx10 E. r
f = — = 1 = Ll.).u.l. kc,

2n
Lin I1 ;LAP_ANI

Finally,the transimpedance is found from Eq. 7, and has the value

Zt = 0,112 x 106 volts per ampere.

7. CONCLUSIONS

The design of magnetic modulators is greatly simplified by the use of mu
surfaces. Although the derivation g;f is of primary importance in modulator
design, it was noted that other factors must be considered.

Although not describéd in detail in this report, the mu surface may be
applied to the design of many types of magnetic modulators and other magnetic

devices (e.g., magnetic tuning of rf circuits) whose operation depends on the

variation of incremental permeability.

23
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APPENDIX A

Derivation of expression for peak amplitude Eo of fundamental component of output
voltage. (Eq. 1).

Assumptions

l. The r-f flux varies sinusoidally in both cores,

2. The operating characteristic (Fig. 10) is single-valued.

3. The isolating inductance L produces no loading upon the output.

According to assumption 1, the flux density B = Bl sin wt so that

22 = o B, cos wt
dt 1

In each core, the voltage e, in the secondary is

¢ -8

volts

N2 J- B1 cos wt 10"8 volts

. , -8
N2Aa) 27N Hl cos wt 10 volts

N, I
But H. = —=—L  Oe.

1 Sr

Thus, the peak value of voltage across winding 2a is

-8
N, fo NIIIJ.D

Sr

volts

Boa

& similar expression may be written for E These two voltages are 180° out of

2b°
phase so that the peak output voltage Eo is their difference, thus
N, 80 (£ -p )N I
2 -
E = a b 11 3570 Gonts.
5r

24
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