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in the order of 1-10-5. The errors were almost exclusively due to tape
deficiencies (dropouts or lumps).

The NRZ format can be used if the data clock and the timing
reference of the recorder are synchronous. In this case, the frequency
standard represents an error-free data clock in the reproduce process,
since the signal is highly time-base corrected with reference to the
standard. Since instrumentation recorders are normally available for
an analog bandwidth of 6 M Hz, they can be used, in the synchronous
mode, to record up to 12 Mbit/s serial NRZ. Digitial data at 10
Mbit/s has been recorded and reproduced with excellent signal
quality.

A very significant reduction of bit errors can be achieved with
the 2-channel version of rotary-head recorders, where eight heads
are distributed around the rotating drum so that the recorded
tracks of the 2-signal channels are interleaved, and simultaneous in-
formation in the two channels is recorded at a distance of about 0.8
inch of track length (45° on a 2-inch diameter drum). The two
channels can be used for a full redundancy recording and, if the track
of each channel is reduced to 0.005 inch, i.e., one-half of that used in
a single-channel recorder, no loss of packing density is incurred.
The fact that the two channels are reproduced in a highly time-stable
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manner makes possible the addition of the two signal channels in the
FM mode, before limiting and detection, without producing tran-
sients. If a dropout occurs in one channel but not simultaneously in the
other, the level of the combined FM carrier drops by 6 dB. This is of
no consequence because of the subsequent limiting. The demodulated
signal does not vary in amplitude. Since the probability of two drop-
outs oceurring simultaneously in the two channels is extremely small,
an error rate of less than 1-107® has been achieved.

Digital recording capabilities expected in the near future are based
on an 8-channel recorder with 12-MHz bandwidth per channel.
Using the redundancy method, four channels at 24 Mbit/s each,
i.e., a data stream of 96 Mbit/s, can be recorded with an extremely
low error rate, or approximately 200 Mbit/s with moderate error
counts.

A digital recorder with very low error rate has an important
application when the recording of signals at extremely good SNR is
required. Since analog wideband recorders are restricted in their SNR
performance, digitizing of such critical information can circumvent
this limitation. For instance, at 100 Mbit/s and 10 bits per sample,
yielding a SNR of 62 dB rms/rms, an analog bandwidth of 3 MHz can
be accommodated.

An Analytic Model for the Fluxgate Magnetometer

STANLEY V. MARSHALIL, MEMBER, IEEE

Abstract—The output voltages from various fluxgate probe types
are found to have the same general form, and an analytic model has
been developed with which the output may be calculated. In the
saturation region where the output pulse is developed, the differ-
ential permeability can be closely approximated by an exponential,
dB/dH = k,HkQ, where k, and k; are on the order of 100 and —2.0,
respectively, for cores of Supermalloy or Permalloy 80. Using this
model, the effect of the nature of the excitation function on output
pulse amplitude and width and the effect of the squareness of the
core characteristic can be clearly demonstrated, and good agree-
ment with experimental results has been obtained.

INTRODUCTION

HE FLUXGATE magnetometer, known today as a

sensitive field measuring instrument, dates back to
the late 1930s or early 1940s. The device was further de-
veloped and used during World War II for detection of sub-
marines, and since then has been used extensively in air-
borne geophysical surveys.™ ¥ During recent years, it
has been used for space exploration.™ 1t is the purpose of
this paper to present an analytic model for the fluxgate
probe as an extension to an analysis begun in an earlier
paper.®! First, to unify the analysis as far as the different

Manuscript received March 1, 1967. The work reported in this
paper was supported by a NASA Traineeship and is part of a dis-
sertation presented in partial fulfillment of the Ph.D. degree from
the University of Missouri, Columbia, Mo.

The author is with the Electrical Engineering Department, Uni-
versity of Missouri, Rolla, Mo.

probe types are concerned, some various types will be
briefly reviewed.

In the first group, the probe element consists of a single
rod or tube of high-permeability material about which are
wound the excitation and output windings [Fig. 1(a)].
Actually, in practical units, the same winding has been
used for both execitation and output.l!! The second har-
monic of the output voltage, which is generally used as a
measure of the component of the ambient field along the
probe axis, is obtained from the total output voltage
through filtering.

In the second group, the filtering of odd harmonics is
accomplished by connecting the output of two group one
probes in opposition!® [Fig. 1(b)]. A closed core form of
this type is the ring-core design® [IFig. 1(e)].

In a third group is a probe which is closely related to
the mu-metal wire magnetometer with the wire replaced
by a hollow tube™ [l'ig. 1(d)]. An excitation winding is
wound toroidally around the core and the output winding
is circumferentially wound. Cancellation of odd harmonics
is accomplished by the orthogonality of the two windings.

It is possible, under certain assumptions, to show that
the principle of operation of each probe type is the same,
and the analytic model presented applies to either design.
The analysis shows that probe sensitivity is related to its
geometry and to the shape of the hysteresis loop, and a
model is derived which permits quantitative calculations
of the output voltage to be made.
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Fig. 1. Fluxgate probe types.
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ANALYSIS

For the probe of Fig. 1(a) in the presence of a field H,,
the voltage induced in the secondary due to a periodic
excitation voltage e, of odd symmetry which drives the
core well into saturation, twice each excitation period, is

e; = NA(B/dH)(dH/dt) X 108
- = NA(dH/dt) X 107%[(ua)o + 6H (ua")o + ... 1 (1)
for0 < t< 7/2, and
e. = —NA(H/d) X 108 [(ua) — 6H (ua")o + ... ]

2)
for 7'/2 < t < T, where
N  —anumber of output winding turns
A —core area
dH /di—excitation field
)74 = dB/CZH

§H —perturbation in H within the core due to the
presence of the ambient field
(ug)y =dB/dH for sH =0

(ua")e =d*B/dH*® for 6H = 0.

A perturbation in B is substituted for the perturbation in
H giving

8B
es = NA(dH/df) X 103 (ud + 7 e’ + > 3)
d
for 0 << T/2,and
8B
es = —NA(dH/dt) X 10_8<pd — —ud + ) 4)
Ma

for T/2 < t < T. The subseripts of the p; and us’ terms
have been dropped for convenience.

The filter of Fig. 1(a) removes odd harmonics of e,. By
taking one half the sum of corresponding terms of (3) and
(4), the result is the even harmonie portion of e; defined
over the entire period. This funection is approximated by

the first two terms for small ambient fields giving

6B .
eo = NAH/dt) X 1078 = u 6))

Ha

forO0<i<T.
The dH /dt term is related to the excitation voltage by
e, X 108
dH/dt = =%

/ AZ\T@#d (6)

where N, is the number of excitation winding turns, and
the perturbation 6B may be expressed as

oB = #aHz (7)

where u, is the apparent or effective permeability of the

rod-like core to the field H .

Substituting (6) and (7) into (5) gives

e, = ep(N/Np)ua(ua'/na®YH,
= ¢,(N/Np)pl'uH, 8)

where Fig = pg'/ug2.®

TFFor the element design of Fig. 1(b) or (¢), the odd
harmonic filtering is accomplished by the bucking action
of the induced voltages on opposite sides of the probe.
These induced voltages are given by (3) and (4), and the

output is given by (5). If u, is defined for each section of
the core

€ = ep<N/Np)2:uaF’HHx- (9)

The apparent permeability is related to the ballistic
demagnetization factor K by

Ma

He = 1+ K, (10)
and when K is small enough, (9) may be written as
€y = ep(N/Np)2(us'/1a) H.. (11)
For a ring-core probe
K = 3(\/A/Mpr® (12)
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where Mg is the core mean length and 4 is the cross-sec-
tional area.

If for the configuration of Fig. 1{d) the permeability
is assumed to be isotropie, the voltage induced in the out-
put coil is

¢, = NA(dH,/dt) X 10-3(dB,/dH,) (13)

and
dB./dH, = d{u.H,)/dH,
ud
= H, ——m—. 14
(1 + Kua)? (14)
Substituting (14) into (13) and using (6) gives
¢, = e,(N/N)H, - (15)

ta(l + 2Kps + Kus®)’

Tfor cores having large length-to-diameter ratios, (15)
differs from (11) only by a factor of two. Thus, under the
assumption of isotropy in w4, the derived outputs from the
three probe types have the same form. The output e,
reaches a maximum when the product of e, and a non-
linear term in dB/dH reaches a maximum, and the ampli-
tude of the maximum is linearly proportional to the field
H..

To optimize the sensitivity to H,, the product u.Fx
should be made as large as possible and the excitation func-
tion so designed that at the time this maximum is reached,
e, 1s also a maximum. It can be seen experimentally that
the output pulse from a practical probe is formed only
after the core is driven into saturation, past what might
normally be regarded as the knee of the hysteresis loop.
This means that if the analytic model is correct, u.Fy
reaches a maximum in the saturation region. It has been
observed that the output pulse width is on the order of
10 to 20 us when the core is excited at frequencies from 0.5
kHz to 1.0 kHz. Then for a reasonably smooth excitation
voltage, e, or dB/dt may be considered constant at the in-
stant the output pulse is formed. Substituting

¢, = N,A X 10-%dB/dt (16)

into (9) gives

e, = 2NA X 10=%(dB/dt)u.F uH, (17)

for the time period during which the pulse is formed, and
e, is essentially zero elsewhere. Integrating (17) with re-
spect to time gives

4 B

f edt = 2NA X 1073H If uok qdB (18)

23 B4
which shows that the volt-seconds of the output pulse is a
constant of the core parameters and H,, and is independent
of the excitation function. That is, one may obtain a large
amplitude narrow pulse or a smaller amplitude fatter
pulse. Also, (18) shows that following the volt-seconds
generated by integration from B; to Bu.x during one half-
period (assuming the maximum of y,Fy lies within B, < B
< Buax), there is another pulse of opposite sign generated
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when the cyele reverses and integration is from By.x to B,
The signs of Fy and y, do not change, but since the limits
on the right-hand integral of (18) are reversed, its sign also
changes. The sign for the left-hand integral may change
only if ¢, changes polarity.

Trae MopeL

By plotting experimentally obtained values of dB/dH on
log-log coordinate paper, it was found that for Super-
malloy and Permalloy 80 over the range from approxi-
mately 0.3-3.0 Oe,

pa = kH"® (19)

was a reasonable fit to the experimental data. The values
of & and ks were found to be on the order of 100 and —2.0,
respectively.

Substituting (10) and (19) into (9), the output voltage
as a function of H is

N
% = 26WN/No) 1 e+ K 1

for 0.3 Oe < H < 3.0 Oe. Since ¢, is essentially constant
during the output pulse, and if the integration is limited
to the intervals of ¢, H, and B within which the main por-
tion of the output pulse is formed,

B
AB =de =
By

For square-wave excitation where saturation occurs at

(20)

f l'(dB/dt)dt = f H_(dB/dH)dH. (21)

t = ¢ during the half-period 0 < ¢ < T/2 and for an
arbitrary time interval, (21) gives
A= AB
T dB/dt
CT]C1

= T (HFel — ), 22

A time plot of ¢, is obtained by substituting

2N,A X108 Bz
% = cT

(23)

into (20) and plotting against values of Al as computed
from (22). The model also gives a pulse fore, at t = 7/2
when the square-wave voltage reverses polarity. This pulse
is of the same amplitude as the pulse at ¢ = ¢7" but is of
opposite polarity.

For a periodic alternating ramp excitation deseribed by

0<i<T/2
T/2 <t < T

e, = at,

= —alt — T/2), (24)

the voltage at saturation and dB/dt is twice that for the
square-wave excitation. Using these values in (20) and
(22) gives an output pulse for the alternating ramp excita-
tion that is twice the amplitude and one half the width of
that using square-wave excitation. The e, pulse generated
at t = T/2 is essentially zero in this case, however, since
e, 18 essentially zero at this point.
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Fig. 2. Calculated relative probe output vs. excitation field for

typical Supermalloy or Permalloy 80 ring-cores having demagne-
tization factors of 0.007.
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Fig. 3. Calculated time plots of relative probe output for square-
wave excitation of 500 Hz.

Using any excitation function that is not discontinuous
just as saturation is entered, (20) and (22) can be used to
obtain a time plot of the output pulse by computing e, and
dB/dt at saturation. For such computations, it is conven-
ient to let the initial value of H be 0.3 Oe and calculate at
suecessive values of H differing by a common ratio.

CALCULATIONS BaskEp oN MopsL

Calculated plots of the w,Fy term portion of (20) are
shown for various values of the parameters &y and k. chosen
to be representative of measured samples of Supermalloy
and Permalloy 80 (Fig. 2). A demagnetization factor of
K = 0.007 was used in the caleulations to correspond to
the size of ring-core used in the measurements. Practical
probes designed for the greatest possible sensitivity would
probably have demagnetization factors an order of magni-
tude smaller than this, and the peak of the y,F 5 plot would
be correspondingly greater. Time plots of p.Ffx were cal-
culated based on a core having a Bp,,x of 7000 gauss driven
by a square wave of 500 Hz (Fig. 3). For other frequencies,

SEPTEMBER 1967

IEEE TRANSACTIONS ON MAGNETICS

Fig. 4. Measured probe output voltage vs. excitation field for a
Supermalloy ring-core with demagnetization factor of 0.007.
Vertical: 0.2V /em; Horizontal: 0.85 Qe/em, H, = 046 Oe,
N, = 380, N = 100.

{b)

IMig. 5. Measured probe ocutput voltage for (a) alternating ramp
excitation and (b) square-wave excitation. H, = 0.46 Oe, K =
0.007, N, = 330, N = 100. Vertical: (top trace) 2V /em, (bottom)
0.2V /ey [Torizontal: 0.2ms/cm.

the pulse amplitude is proportional to frequency and
pulse width is inversely proportional to frequency.

To obtain a time plot of ¢, for a general excitation func-
tion, determine the value of e, at saturation and sub-
stitute this value into (20) to find the maximum of the
pulse. The pulse width for the general function is to
the pulse width of the I'ig. 3 plot as the square-wave
saturation voltage 1s to the saturation voltage of the gen-
eral function.

The calculated plots show that the output is increased
by decreasing k; and increasing the magnitude of k,. That
is, the slope of the hysteresis loop should flatten out early
and suddenly as a function of H giving a narrow loop hav-
ing very square knees. Also, implicit in (9) is the de-
pendency of the output amplitude on frequency, output
turns, and B..,.. However, as mentioned before, while
operation at higher frequency gives greater output voltage,
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the pulse width is correspondingly decreased so that the
duty cycle remains the same. Even so, more output
pulses are obtained per unit time at the higher frequencies,
making it advantageous to operate at as high a frequency
as possible.

ExXPERIMENTAL RESULTS

An experimental plot to be compared to the calculated
plot of Fig. 2 is shown in Fig. 4. This plot of ¢, is for a com-
plete excitation cycle using an alternating ramp function
shown in Fig. 5(a). In comparing this plot with the calcu-
lated plots of uFy, it 1s apparent that the measured peak
occurs for somewhat larger values of H than was calcu-
lated. This is apparently due to the imperfectness of the
fit of the exponential curve for u, at the beginning of the in-
terval 0.3 Oe < H < 3.0 Qe. The calculated peak of p,Fy
obtained from the experimental data is 1.1, which agrees
closely with the middle curve of Fig. 2.

The waveforms in Fig. 5(a) and (b) are for 500-Hz ex-
citation where the excitation voltage was adjusted to cause
saturation just before the end of each half-period. The
pulse widths of the output pulses are roughly one-half that
predicted by the model. Again, this discrepancy appears
to be due to the sensitivity of the output to uqin the early
portion of the region 0.3 Oe < H < 3.0 Oe where the model
does not fit quite as well as it does near the center of the
region.
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CoNcLTsioN

A model has been presented for the fluxgate probe that
agrees well enough with measurements to suggest its value
in optimizing probe sensitivity. For maximum sensitivity,
the model indicates that in addition to having a large
value of Bnax, the core material should have a narrow
hysteresis loop with square corners. Perhaps the chief
value in such a model is that selection of core materials
can be based on defined core parameters.
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A Magnetic Core Analog Memory

FRITZ J. YRIEDLAENDER, sBNIOR MEMBER, 18EE, AND JOHN D. McMILLEXN,
MEMBER, TEEE

Abstract—The stored flux level in a 50 percent Ni-Fe fape core is
read nondestructively to provide an analog memory. The stored
flux level is set by means of a low-field (H < 2H,) pulse. This flux
level can be read ouf nondestructively by applying a short high-
field pulse (H > 4H.) which produces a peak rate of change of flux
proportional to the stored flux level relative to saturation reman-
ence. A subcoercive bias field applied to the core restores it to the
original low-field flux state. Experimental data and the model
leading to the conception of the memory are presented; and the
circuit details of a typical core analog memory are described.
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Hicu-I'teLp Puising or A Parriarry SwrrcHed CoORE

HE PROCESS of high-speed flux reversal in tape

cores of 30 percent nickel-iron has been well defined by
Bean and Rodkbell! and by Friedlaender and Leliakov. 2
According to this model, for sufficiently high fields, flux
reversal in tape cores of at least 14 to 1-mil thickness initi-
ates at the large tape surface and proceeds through the for-
mation of planar domain walls along the surface of the
tape. This action takes place along the entire length of the
tape at approximately the same time.

This conclusion has been based upon the analysis of
variations of the average flux density in a tape core for
various sequences of applied field pulses. Current is driven
through a toroidal winding placed on a core to generate the
applied magnetic field. A separate toroidal winding is used
to observe the rate of change of flux; this signal is termed
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