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(57) ABSTRACT

A magnetometer configured to measure low field strength
magnetic fields is provided. Certain embodiments of the
magnetometer include a cylindrical coil assembly having a
variable permeability core and terminals disposed at both
ends. A current source circuit may be operably connected to
the terminals and configured to apply a voltage controlled
current across the terminals. A voltage readout circuit may
be operably connected to the terminals and configured to
measure a voltage across the terminals due to the applied
current from the current source. An inductance of the coil
assembly directly varies as an ambient magnetic field
strength varies a permeability of the variable permeability
core, and a voltage across the terminals varies directly with

(Continued)

v:htac•= c:•aatiai

JSCki05CoiE

N .,n

--------------i ,

i '



US 10,036,784 B2
Page 2

the inductance such that the measured voltage across the
terminals is a direct measure of the ambient magnetic field
strength.
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VARIABLE PERMEABILITY
MAGNETOMETER SYSTEMS AND
METHODS FOR AEROSPACE

APPLICATIONS

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This patent application claims the benefit of and priority
to U.S. Provisional Patent Application No. 62/080,455, filed
on Nov. 17, 2014, the contents of which are hereby incor-
porated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made in part by an
employee of the United States Government and may be
manufactured and used by or for the Government of the
United States of America for governmental purposes without
the payment of any royalties thereon or therefore.

TECHNICAL FIELD

Aspects of this disclosure generally relate to systems and
methods for sensing a magnetic field strength and in par-
ticular relate to variable permeability magnetic sensors for
measuring low strength and low frequency magnetic fields
for aerospace applications.

BACKGROUND OF THE INVENTION

Deep within the earth, flow of molten iron generates
electric currents which in turn produce magnetic field which
protects the earth from devastating solar winds. According
to some estimates, the Earth's magnetic field has weakened
by 15 percent over the last 200 years with additional
evidence emerging that the weakening is happening
unevenly with some areas across the planet getting more
protection. According to data collected by a European Space
Agency (ESA) satellite array called Swarm, the biggest
weak spots in magnetic field have sprung up over the
Western Hemisphere and strengthened over areas like the
southern Indian Ocean. It has been suggested that powerful
electric currents are generated deep inside the Earth causing
low frequency electromagnetic signals that have long been
reported in connection with impending earthquake activity.
The current from the stressed rocks is carried out to and
through unstressed surrounding rocks by positive holes
similar to related ones in semiconductor materials. These
underground positive holes leave behind a surplus of elec-
trons. This process gives rise to positive air ions which
changes local and even regional magnetic fields and could
be an indication of an impending earthquake in the area.
Such low-frequency electromagnetic emissions (EM) have
been documented by a large body of satellite data and/or
ground-based data.

Generally, critical scientific data to study electromagnetic
field strengths indicative of geophysical weather and atmo-
spheric changes lies in a frequency response range from DC
to 100 Hz. Accordingly, there is a need for a network of
ground-based magnetometers to track and record minute
changes in various measurements, e.g., Schumann reso-
nance variation, Earth's static magnetic field variation, and/
or the planetary static and dynamic magnetic fields with
sensitivity from the nano-tesla to pico-tesla range.

N
In 1952, Schumann published a paper about standing

electromagnetic waves in the waveguide between the
Earth's surface and the ionosphere. These waves are known
as Schumann resonance (SR) waves and can be used for

5 various scientific studies ranging from global lightning to
detection of space weather and global climate variations.
The Schumann resonances are a set of resonant modes or
spectrum peaks, between 7.83 and 45 Hz. These waves are
very weak compared to the Earth's much larger static

io geomagnetic field, which is on the order of 50,000 micro-
gauss. Solar or geomagnetic activity can be tracked by
measurement of changes of the dielectric permeability in the
Schumann cavity. For example, lightning is one such natural
phenomenon and can be tracked around the clock by mea-

15 surement of Schumann resonance values. The Schumann
resonances offer means for investigating tropospheric-iono-
spheric coupling mechanisms related to lightning activity
and wave propagation in the ionosphere. At any given
moment, there are between 50 and 100 lightning flashes

20 around the globe. These lightning flashes create low fre-
quency electromagnetic waves which are trapped between
the ionosphere and the Earth.

Extremely low frequency (ELF) electromagnetic waves
have long wavelengths. For example, 10 Hz corresponds to

25 a wavelength of 30,000 kilometers. In atmospheric and
magnetosphere science, the lower frequency electromag-
netic oscillations are considered to lie in the extra low
frequency ("ELF") range. It is extremely difficult to build an
antenna to capture these ELF signals. The ELF frequencies

3o have been used in only a very few man-made communica-
tion systems. Due to long electric power lines, there are
unintentional sources of ELF radiation, in the 50 or 60 Hz
range. Due to their long wavelength, these ELF waves can
penetrate seawater and significant distances down into earth

35 or rocks, and through the earth. Similarly if ELF electro-
magnetic waves are generated deep inside the earth, these
signals are capable of appearing on the surface and can be
detected using low frequency electromagnetic antennas or
magnetometers. One of the requirements of these ELF

40 antennas or magnetometers is that they should produce
extremely low background noise and enough sensitivity to
detect weak signals. Electronic 1/f noise is another factor
which has to be considered when designing ELF antennas or
low frequency magnetometers.

45 One of the other sensing systems to detect magnetic fields
is a standard LC oscillator circuit where L is made of a coil,
wound on a typical magnetic material. The magnetic mate-
rial coil L becomes part of the oscillator LC circuit to sense
the surrounding magnetic field. Because a resonant fre-

5o quency varies as the square root of magnetic field strength
in a standard LC oscillator circuit, a measured shift in
frequency of an LC oscillator circuit provides an indication
of a relative magnetic field strength, with decreasing preci-
sion at lower frequency responses. Thus, LC oscillator

55 circuits are sufficient designs for Gaussmeters, i.e., for
measuring larger scale magnetic fields. In some other mag-
netic field measurement circuits, relaxation oscillators are
employed which produce a non-sinusoidal repetitive output
signal. These circuits have a resonant frequency that varies

6o directly with magnetic field strength, thus making them a
more preferred design choice for measuring low frequency
signals. However, relaxation oscillators have stability issues.
In relaxation oscillator circuits, the electronic device oper-
ates in an extremely nonlinear fashion and any variation in

65 oscillation amplitude may also appear as a frequency
change. They have low duty cycle and poor phase-noise as
well.
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The search coil 130 employs a sense winding 132 to sense
a magnetic field strength. For example, the sense winding
may be comprised of AWG #30 enameled copper wire
winding and may include 500 turns or higher, in one
embodiment 600 turns, which is significantly less than
number of turns, employed in known sensors for measuring
low strength magnetic fields. The sense winding 132 with
the variable permeability magnetic core 110 extends the
sensitivity of sensed magnetic fields strengths into the
nano-Tesla range. With this much sensitivity, a variation in
orientation of the coil assembly in the Earth's field (approxi-
mately 0.5 Gauss or 50,000 nano-Teslas) can cause an output
signal to go into saturation. To prevent this from happening,
a secondary winding or feedback winding 135 is wound over
the sense winding 132 so that a feedback signal can be
applied to cancel out variation in the Earth's field caused by
a change in orientation. Alternatively, the feedback can be
applied directly to the sense winding. The feedback or
calibration winding may include somewhere one third to
half of the number of turns of sense winding. The feedback
winding improves performance by enhancing the effective
receiving cross section of the magnetometer. The resulting
performance improvement from the feedback winding, in
turn, causes the search coil to have a more uniform fre-
quency response over several decades of frequency and
improved sensitivity through interaction of the search coil
magnetic field with the ambient magnetic field.

According to an embodiment illustrated in FIG. 2, a
magnetometer includes a coil assembly 100 clamped with
one or more clamps 210. Leads 220 at the terminals 150a,
150b connect the sense winding 132 to an electronics board
230 of the magnetometer. Leads 220 apply a current, from
a current source, across the terminals 150a, 150b of the
sense winding 132 and detect/measure a voltage across the
terminals 150a, 150b. The secondary winding 135 can be
used either for feedback or for calibration purposes. If used
as feedback, leads 225 are connected to the feedback wind-
ing 135 for applying a feedback signal to the magnetometer
200. If used for calibration, a known current is passed
through the coils and electromagnetic field generated in the
sensing coil is measured for calibration.

In FIG. 3, a block diagram of an example implementation
for a magnetometer 300 with associated circuitry is shown
for maintaining the stability and sensitivity of the magne-
tometer at low strength magnetic fields. Circuit stability is
achieved through the use of a crystal oscillator 310 for
frequency stability and matched resistor networks for ampli-
tude stability in the voltage readout. For example, oscillator
310 may be a 1 MHz crystal controlled digital clock oscil-
lator. Oscillator 310 is a stable crystal controlled oscillator
and can be used to measure the inductance of the coil. The
inductance of the coil depends only on the number of turns
in the coil and on the permeability of the Metglas. Unlike
relaxation oscillators, oscillator 310 has no resistance with
its TEMPCO which has potential to cause variation of the
output signal with temperature. A frequency divider 312
then divides down the 1 MHz signal to approximately 10
kHz. Sine shaping 314 then shapes the 10 kHz digital signal
into a sinusoidal form. The sinusoidal 10 kHz digital signal
drives a voltage -controlled current source 320a, e.g., a
precision fixed -frequency high -output -impedance current
source, which, in turn, drives sense winding 332 of coil
assembly 330. In other words, current source 320a applies a
current across the terminals of the sense winding 332. As an
ambient magnetic field varies the permeability of the core
the coil assembly 330, the inductance of the sense winding
332 varies. Thus the voltage across the coil assembly 330,

8
which varies directly with the coil inductance, is a measure
of the magnetic field strength.

Accordingly, an ambient magnetic field strength can be
measured by applying a current, from current source 320a

5 across terminals of the sense winding 332 and then measur-
ing a voltage across the terminals of the sense winding 332.
The current source 320a may also adjust the applied current
across the terminals of the sense winding 332 to bias the
variable permeability core to an optimum location of a core

io permeability curve. The current source 320a may incorpo-
rate low TEMPCO resisters (not shown) to provide thermal
compensation and maintain sensitivity of the measured
response.

A low noise voltage readout circuit, as shown in FIG. 3,
15 includes a digital voltmeter 360, a double synchronous

demodulator 340 and a low pass filter 350. Double synchro-
nous demodulator 340 is employed for signal detection. The
double synchronous detector eliminates the switch -gener-
ated noise usually produced by single synchronous detec-

20 tors, thereby easing the requirements on the low pass filter
350 for providing a low noise voltage signal for the digital
voltmeter 360 to display. To provide a feedback signal, an
integrator 370 drives a second current source 320b to apply
a current to feedback winding 335 and monitored by oscil-

25 loscope 380. This feedback signal can also be used as a
measure of extremely low frequency magnetic field strength
variations.

A sensitivity of the magnetometer to an ambient magnetic
field background noise may need to be initially determined

30 prior to assessing variations on the magnetic field. In other
words, the initial ambient magnetic field background noise
provides a noise floor and the change from subsequent
measurements to the noise floor represents a degree of the
magnetic field response, potentially indicative of a pending

35 natural event, e.g., a storm, solar flare, local lightning, or, to
some reports, even a pending earthquake. For example, FIG.
5 shows electromagnetic background signals from 0 to 100
Hz of a normal electromagnetic signal 510 having what is
believed to be fundamental Schumann resonance peak at

4o around 8.25 Hz absent of any strong weather -related or
geophysical event and a second signal 520 associated with
a Schumann resonance peak during a strong typhoon in the
pacific region. While both responses show a peak at the
Schumann Resonance frequency of Earth at around 8.25 Hz,

45 the strength of the typhoon signal 520 is much larger,
particularly around the Schumann resonance frequency.

Once the frequency response range of a particular occur-
rence is known, peaks in a specified frequency range can be
tracked over time. For instance, FIG. 6a shows several

50 electromagnetic signals 610, 620, and 630 in the frequency
domain representing various time intervals throughout a
storm event, e.g., a hurricane. Peaks are noted at 32.25 Hz,
60.00 Hz, 87.75 Hz and 92.25 Hz. FIG. 6b shows peak
tracking of these four peaks 611, 621, 631, and 641 overtime

55 to display a magnitude of signal variation throughout time.
The time tracking plot in FIG. 6b provides an indication of
the strongest magnetic field strengths associated with a
storm, typically correlating to when the storm is the stron-
gest.

60 For initially determining a noise floor of the magnetom-
eter, an initial measurement may be taken by applying a
pseudorandom noise current signal to a Helmholtz coil and
using a spectrum analyzer to observe sinusoidal signals, in
the background noise, at least as small as 0.1 nano-Tesla, in

65 the desired frequency range and to a calculate transfer
function magnitude. The frequency response has been found
to be uniform from DC (0 Hz) to 700 Hz as shown in the
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3. The magnetometer of claim 1, wherein the sense
winding is comprised of an enameled copper wire having at
least 500 turns.

4. The magnetometer of claim 1, wherein the voltage
readout circuit includes a double synchronous demodulator,
a low pass filter, and an integrator, and wherein the feedback
current is fed to the secondary windings through each of the
double synchronous demodulator, the low pass filter, and the
integrator.

5. The magnetometer of claim 1, wherein the current
source circuit further includes a digital frequency divider
configured to divide the clock signal of the crystal oscillator
from 1 MHz to a lower frequency of 10 kHz.

6. The magnetometer of claim 5, wherein the current
source circuit further includes a signal shaper configured to
shape the lower frequency signal of the digital frequency
divider into a sinusoidal form.

7. The magnetometer of claim 1, wherein the current
source circuit is configured to adjust the applied biasing
current across the terminals to bias the variable permeability
core to an optimum location of a core permeability curve.

8. A method of measuring a low magnetic field strength
having a frequency response range of between 0 and 700
hertz comprising:

applying a plurality of currents to a winding of a coil
assembly having a variable permeability core, includ-
ing a sinusoidal, voltage -controlled current across two
opposing terminals of the coil assembly having the
variable permeability core, the variable permeability
core including a foil strip constructed of a variable
permeability magnetic material wrapped within the
plastic coil form, and a search coil wound over the
plastic coil form;

measuring a voltage applied across the terminals due to
the sinusoidal, voltage -controlled current;

calculating the low magnetic field strength from the
measured voltage; and

detecting a presence of a geophysical or atmospheric
event using the calculated low magnetic field strength.

9. The method of claim 8 further comprising:
applying a feedback signal to the winding of the coil

assembly as one of the plurality of currents;

12
enhancing a receiving cross section of the coil assembly;

and
measuring an adjusted voltage across the terminals.
10. The method of claim 9, further comprising removing,

5 by the feedback signal, variations in ambient magnetic field
strength due to a change in a coil assembly orientation.

11. The method of claim 8, wherein measuring the voltage
includes applying a double synchronous detector for detect-
ing a measured voltage that substantially eliminates 1/f

10 noise, switch noise, and the direct current offsets.
12. The method of claim 11, wherein measuring the

voltage further includes applying a low pass filter.
13. The method of claim 8, wherein applying the sinu-

15 soidal, voltage -controlled current source includes providing
a clock signal, by a crystal oscillator, to drive a high -output
impedance current source.

14. The method of claim 13, wherein applying the sinu-
soidal, voltage -controlled current source further includes:

20 dividing the clock signal of the crystal oscillator to a
lower frequency signal; and

shaping the lower frequency signal into a sinusoidal form.
15. The method of claim 8, further comprising:
enclosing each of a pair of the coil assemblies in a

25 
corresponding wooden box;

burying the enclosed coil assemblies to a depth of six to
nine inches below a ground surface a minimum dis-
tance of 2,000 miles apart; and

wirelessly transmitting the measured voltage to a remote

30 
readout screen located above the ground surface.

16. The method of claim 8, wherein the foil strip of a
variable permeability magnetic material is constructed of
cobalt -alloy magnetic material.

17. The method of claim 8, wherein applying the plurality
35 of currents includes applying each of:

a 10 kHz sine oscillator signal as the sinusoidal, voltage -
controlled current;

a variable biasing current operable for biasing the core to
a predetermined location of a core permeability curve;

40 
and

a feedback current applied directly to the search coil.
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