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Low-Cost Audio-Freq.
H-Field Measurements

Ken Javor, EMC Compliance, and
Keith Bowers, Wyle Laboratories

ed which yield low-cost instrumentation solu-
tions to stringent audio-frequency magnetic
emission measurement requirements.

Nontraditiona] magnetic sensors are investigat-

Introduction

Many electromagnetic interference (EMI) test fa-
cilities have the capability to perform MIL-
STD-461/-462 test RE01, a magnetic field measure-
ment from 30 Hz to 50 kHz. A representative REOL
limit curve from MIL-STD-461C, part 2 is shown in
Figure 1. The standard 36 turn, 13.3 cm diameter
REO01 loop as described in MIT-STD-461A gives ad-
equate sensitivity to measure 6 dB below this limit
even with microwave spectrum analyzers which are
not specified for use below 100 Hz. Because a single
spectrum analyzer, such as the Hewlett Packard
HP8566, gives adequate sensitivity for most military
EMI measurements from 30 Hz to 20 GHz, it is often
the only spectrum analyzer/EMI receiver at a given
test facility.!

Difficulties may arise when a more stringent mag-
nelic requirement is imposed. This is the case for
some space programs, such as the Space Shuttle
and Space Station.? The Space Shuttle specification
MSFC-SPEC-521A requires a maximum magnetic
emission of 60 dBpT from 20 Hz to 50 kHz. Figure 2
shows the magnetic emission limits from the Space
Station and Space Shuttle programs. Figure 3 dis-
plays the voltage out of the MIL-STD-461A loop
when immersed in a field intensity 6 dB below each
of the Figure 1 - 2 limits. Figure 3 compares these
voltage levels to the noise floor of the HP8566 at low
frequencies, where local oscillator feedthrough and
insufficiently narrow resolution bandwidth combine

to pollute the noise floor of the analyzer. The only
limit curve for which an adequate ambient may be
established is MIL-STD-461C, part 2 REOL. It may
not be clear to some readers why the loop output
must be at or above the noise floor of the analyzer.
The analyzer noise floor represents the lowest mea-
surable voltage out of the loop, and through the loop
transducer factor (dBuV/pT) can be related to the
lowest measurable field level. This is what is shown
in Figure 4. Most engineers today are familiar with
the modern technique of using a computer datafile
for the transducer factor to reduce raw (dBuV) data
to the same units as the limit. Figure 4 combines the
loop transducer factor with the analyzer noise floor,
and compares the resultant noise floor equivalent
field intensity with the limits shown in Figures 1-2.
In order to provide adequate performance, the noise
floor equivalent field intensity should be 6 dB below
the limit curves shown. Only the MIL-STD-461C,
part 2 RE0O1 curve is high enough to be measured
with the HP8566.

Two questions are of interest.

a. Why are the space magnetic emission limits so
much tighter than the military limit?

b. Given that we have $60k invested in an HP8566
or similar microwave spectrum analyzer, how
can we avoid spending tens of thousands of dol-
lars more to extend our frequency range from
100 Hz to 20 Hz?

Control of Magnetic Emissions

Magnetic emissions fall off rapidly with distance
from small sources such as those found in typical
electronics enclosures. Intense 60-Hz sources (such
as fan motors) measured within a centimeter of the
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Figure 1. MIL-STD-461C, part 2, REOI limit.

Figure 2. SSP30237 (Space Station) REO1 limit and
MSFC-SPEC-521A (Space Shuttle) RE04 limit.2
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Figure 3: REOI loop output for different
limits.

EUT may well measure below back-
ground levels at one- meter separation. It
is not possible to correlate measurements
made close to the EUT with measure-
ments made an order of magnitude
greater distance away.? Therefore, if the
EMC issue of interest is side-by-side com-
patiblity, one must measure the magnetic
field immediately adjacent to the source.
This is the case for the military RE0O1 limit
imposed at 7 cm from the EUT. If, howev-
er, the EMC issue is control of general
magnetic field intensity in a larger volume

Figure 4: HP8566 noise floor equivalent
field intensity (using REOI loop) compared
to several ac magnetic emission require-
ments (frequency range not specified for op-
eration by HP).

centered on the EUT, as it might be if sen-
sitive instruments were measuring plasma
fields in space, then it makes sense to
measure the field at a distance more rep-
resentative of the actual sensor to EUT
separation. This is the case for the two
space-related limits. The military limit,
measured a few centimeters from the
EUT, is necessarily set at a much higher
level than the one- meter separation re-

Figure 5: REOQI loop transducer factor
(when loaded with 50 Q).

quirements. The combination of REQ1
loop and microwave spectrum analyzer
which is just able to measure at the cen-
timeter separation limit is not adequate to
do the job for the one-meter limits.

Extending Measurement to 20 Hz

The most obvious solution to making
a sensitive 20-Hz magnetic measure-
ment is to acquire a more sensitive re-
ceiver. These are commonly available
from several manufacturers, but if not
already in-house, entail an expenditure
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Figure 6. Electro-Metrics’s MEM-11.

of tens of thousands of dollars. Many
test facilities balk at spending that type
of money for such a limited expansion of
their test capability. Another solution is
to find a more efficient transducer. The
loop transducer voltage output is pro-
portional to both the amplitude and fre-
quency of the magnetic field. This is
why it is so inefficient at low frequen-
cies. Equation 1 gives the ratio of loop
output voltage to B-field into a 50-Q re-
sistive load, and Figure 6 is a graph of
equation 1.

V/B = ’?nfntumsAlnnp (1)
'\H (1+ R,/ Ry)) 2+ (2nf L, /Ry )2H

where R, and L., are respectively the loop
resistance and inductance, and R; is the
load resistance.

If we can find a sensing mechanism
whose transducer factor is purely ampli-
tude-dependent, not frequency-depen-
dent, then we have a better chance of
making low frequency measurements.
Several techniques are available. Two of
the most sensitive are discussed below.

Variable-u Magnetometer

An inductor is wound on a core materi-
al whose permeability is proportional to
the strength of the magnetic field which
is to be measured. The inductor res-
onates with a capacitor and forms part of
an oscillator circuit. As the magnetic
field changes in intensity, the changing
inductance of the sensor element

RBW =10 Hz, VBW = 30 Hz, Atten=0dB
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Figure 7a: HP8566 measured shield room
ambients using MFEM-11 as sensor.
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changes the oscillator frequency, effec-
tively frequency modulating the tank cir-
cuit. Just as in an FM receiver, the fre-
quency deviation is proportional to sig-
nal strength, and the rate of change of
the deviation gives the frequency spec-
trum of the signal. A commercially avail-
able variable-u magnetometer is the
Electro-Metrics MFM-11,6 shown in Fig-
ure 6. This magnetometer has a sensitiv-
ity of 13 dBpT/vVHz, and a broadband
sensitivity over its bandwidth of 20 Hz -
50 kHz of 60 dBpT. Figure 7a is a plot of
an ambient taken in a shield room using
the analog output of an MFM-11 con-
nected to an HP8566 spectrum analyzer.
For comparison, Figure 7b is a plot of
the ambient in the same facility but
using the REO1 loop instead of the
MFM-11. The raw data has been adjust-
ed for transducer factor for both Figure
7 plots. The large low-frequency “ambi-
ent” of Figure 7b may be seen to be an
unrealistic adjustment of the HP8566
noise floor. Disagreement in levels of
real 60-Hz and harmonic ambient may
be ascribed to unknown field gradients
with respect to sensor polarization. The
MFM-11 is a very sensitive device.” Con-
nected to a low-frequency EMI receiver
or dynamic signal analyzer, it will allow
measurements down to 13 dBpT, sensi-
tive enough for any conceivable EMI
limit. The MFM-11 costs about $10,000.

Induction Coil Magnetometer

A technique that falls between the
variable-u magnetometer and 13.3-cm
loop in both cost and sensitivity is the
induction coil magnetometer. It relies
on Faraday's Law (as does the 13.3-cm
loop) but with increased sensitivity due
to a ferrite coil core and more windings
on the core. The number of turns and
core material are chosen according to
the desired frequency and amplitude dy-
namic ranges. Coil output current is in-
dependent of frequency if coil inductive
reactance exceeds its resistance and
load impedance. This is accomplished
by using a suitable gauge of wiring in

RBW = 10 Hz, VBW =30 Hz, Atten =0 dB
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Figure 7b: HP8566 measured shield room
ambients using REOI loop sensor.

8566 equiv field intensity (dBpT)

the coil to provide the desired low-fre-
quency coverage, and by loading the
coil using the virtual ground of an op
amp. Op amp voltage output is the feed-
back resistance multiplied by the coil
current. An example of an induction coil
magnetometer is the Walker Scientific
VLF-80D,® shown in Figure 8. The VLF-
80D has a frequency range of 20 Hz to
50 kHz. With a transducer factor of -5.6
dBuV/pT, it was capable, when connect-
ed to an HP8566, of measuring to the
Space Station limit of Figure 3, but not
the Space Shuttle limit of Figure 2. At 30
Hz, the dBuV adjusted Station limit is 78
dBuV (84 dBpT + {-5.6 dBuV/pT}), just
above the Figure 9 reference level. Fig-
ure 9 shows the noise floor of the VLF-
80D /HP8566 combined test set.
Performing the test which resulted in
the Figure 9 test data was crucial in de-
termining the suitability of the VLF-80D
for use in making space-related magnet-
ic measurements. The advertised trans-
ducer factor of approximately 52
mV/mG, or -5.6 dBuV/pT, could be di-
rectly applied to the specification limit
and compared to the noise floor of the
spectrum analyzer. The result of that ex-
ercise indicated that the VLF-80D was a
candidate sensor. What remained to be
determined was the noise output of the
VLF-80D. As shown in Figure 9, the
noise output was low enough to not af-
fect the Space Station limit. Testing to
the Shuttle limit was proscribed due sim-
ply to the noise floor of the spectrum an-
alyzer. Final testing of the VLF-80D
placed the sensor in a Helmholtz coil. A
Helmholtz coil generates a uniform mag-
netic field within its interior. This is very
important, since the voltage output of
any magnetic sensor will be dependent
on the orientation of the field and the av-
erage intensity of the field over its physi-
cal aperture. If the field gradient is un-
known, calibration is impossible. Figure
10 shows a calibration setup for measur-
ing at the Space Station magnetic field
limit at a frequency of 20 Hz. Because
the limit only extends to 30 Hz, and be-
cause the spectrum analyzer noise floor
improves with increasing frequency

Figure 8. Walker Scientific’s VLF-80D.
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faster than the limit falls, ability to make
the measurement at 20 Hz guarantees
adequate performance over the entire
frequency range of the VLF-80D. The
Helmholtz coil current to B-field magni-
tude ratio was given as 15 Amps/11.4
Gauss at DC. This is 37.7 dBpT/pA. In
order to generate a specification level
field of 84 dBpT it was necessary to in-
duce 84 — 37.7 = 46.3 dBuA = 200 pA cur-
rent in the Helmholtz coil. The agree-
ment was within 2 dB, the stated accura-
cy of the spectrum analyzer. As a check
on the calibration, an RE01 loop was sub-
stitutéd for the VLF-80D, and the
HP8566 was replaced by an Electro-Met-
rics EMC-11, a sensitive EMI receiver
operating from 16 Hz to 50 kHz with a
noise floor adequate for use with the
REO1 loop and either of the Space mag-
netic limits mentioned in this article.
Figure 11 shows this setup and the ex-
cellent agreement between coil current
and measured field intensity.
The VLF-80D sells for less than S750.

Hemholtz coil

ﬁnsor

current \
Walker probe,2:> Fluke 8080

VLF-80D g 1920 A
6000 =
80.5 dBu V

® 600 Q output
rd'g

HP 200CD

HP8566B siggen @ 20 Hz
-30 dBu V implies *91550-1L
46 dBuL A current Z1=-716dBg

EMC-11

80.5 dBy V - - 5.6 dBu V/pT = 86.1 dBpT

Figure 10. Calibration check of VLEF-
80D/HP8566.
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Conclusion

This article explains the background
of some magnetic radiation EMI limits
and shows some cost-effective methods
of instrumenting for compliance test-
ing. A variable-i magnetometer may be
used to measure to the most stringent
magnetic EMI limits. An induction coil
magnetometer is useful for applications
requiring better sensitivity than a loop
but not as sensitive as the variable-u
magnetometer. The price-to-perfor-
mance ratio of the magnetometer is a
bargain at less than 10 percent of the
cost of the variable-u magnetometer,
which itself is less than one third the
cost of an EMI receiver compatible with
the REO1 loop transducer factor and
Space magnetic EMI limits. =
Notes
1. The HP8566 spectrum analyzer specifi-
cations are given for a frequency range of
100 Hz to 22 GHz. Degraded perfor-
mance down to 20 Hz is available but not
advertised or specified by the manufac-
turer. Depending on the frequency range
and antenna type, stringent HF and VHF
limits may require external signal pream-
plification. Local oscillator harmonic mix-
ing above 2 GHz reduces the sensitivity
and may necessitate the use of low-noise
preamplifiers, available from several man-
ufacturers, including HP.
2. This limit is borrowed directly from
MIL-STD-461 RE04, a 1967 require-
ment which is now obsolete. RE04 pro-
tected a particular AC magnetometer.
For more on this subject, see the sec-
ond reference under footnote 5, and
footnote 7.
3. Nor can the new MIL-STD-461D 50 cm
RE101 limit be measured at low frequen-
cies with a combination RE01 loop and
HP8566 spectrum analyzer.
4. The minimum resolution handwidth
(RBW) is low-side bounded by the resid-
ual FM of the local oscillator. The mini-
mum RBW must be greater than the
residual FM, or the signal of interest will
appear to wander in and out of the IF
bandpass. If one considers the adver-
tised upper frequency range of a typical
microwave spectrum analyzer at or
above 1 GHz, then a 10-Hz RBW is really
an amazingly sharp filter. However, it
isn't adequate at a tuned frequency of 20
or 30 Hz.
5. For a more complete discussion of the
intricacies of near field measurements,
see the following:
Javor, K. “Military Radiated Emissions,”
EMC Test & Design, March 1993.
Javor, K. Introduction to the Control of
Electromagnetic Interference, A Guide to
Understanding, Applying, and Tailoring
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Figure 11. Check of Helmholtz coil calibra-
tion at 84 dBpT at 20 Hz with REOI loop
connected to EMC-11 EMI receiver.

EMI Limits and Test Methods, EMC Com-
pliance, P.O. Box 14161, Huntsville, AL.
35815-0161.

6. Electro-Metrics, 100 Church Street,
Amsterdam, NY 12010. Phone (518)
843-2600. FAX (518) 843—2812.

7. The MFM-11 is the direct descendant
of the EMCO 6640, which was the device
protected by MIL-STD-461A limit RE04.
MSFC-SPEC—521A limit RE04 is identi-
cal to the MIL-STD-461A version.
Therefore the MFM-11 is quite suitable
for making the measurement.

8. Walker Scientific, Rockdale Street,
Worcester, MA 01606. Phone (508)
852-3674. FAX (508) 856-9931.

For information on attending
or exhibiting please contact
EMC/ESD International, 6151
. Powers Ferry Rd. NW, Atlanta,
GA 30339. Tel: (800) 828-0420.
Fax: (404) 618-0441.
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