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ontraditional magnetic sensors are investigat-
ed which yield low-cost instmnentation solu-
tions to stlingent audio Jrequency magnetic

emission measurement requirenlents

Introduction
Many electromagnetic intcrference (EMI) tesL fa-

ci l i t ies have the capabi l i ty  to perform MIL-
SID-461/-462 test RE01, a magnetic field measure-
ment from 30 Hz to 50 kHz. A represertative RE01
limit curve frorl MIL SID+61C, part 2 is shown in
Figurc 1. The standard 36 turn, 13.3 cm diameter
RE01 loop as described in MIL-STD 461A gives ad-
cquate sensitivitl. to neasure 6 dB below this limit
even with microwave spectmn analyzers which are
not specified for use below 100 Hz. Because a single
spectrum analyzcr, such as the Hewlett Packard
HP8566, gives adcquate sensitivity for most military
EMI measurements fi-om 30 Hz to 20 CHz, it is often
the only spectrum analyzerlllMl receiver at a givel
test facility.r

Difficulties may arise when a more stringent mag-
netic requirement is imposed. 'fhis is the case for
sonle space programs, such as the Spacc Shuttle
and Space Station.3 The Space Shutlle speci{ication
MSFC-SPEC-s214 rccluires a maximum rtagnetic
emission of 60 dBpT from 20 Hz to 50 kHz. Figure 2
shows the magnctic emission limits lrom the Space
Statior and Space Shuttle prograrns. Figrrre 3 dis-
plays the voltage out oI the MIL-STD 4614 loop
when immersed in a field inLensity 6 dB below each
oI the Figur e 1 - 2limits. Figure 3 compares these
vollage levels to the noise lloor of the HP8566 at low
frequencies, whcre local oscillator feedthrough and
insufficiently narow resolution bandwidth conrbine
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Figure 1. MIL-STD461C, Paft 2, RE01 limit.

to pollute the noise floor oI the analyzer.a The only
lirnit culc for which an adequate ambient rnay be
established is MII--STD-461C, pafl 2 RE01. lL may
not be clear to some readers why the loop output
nust 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 (dBlV/pt) can be related to the
lowest measurable field level. '.fl.ris is what is shown
in Figure 4. Most engineers today are familiar with
the modem technique of using a computer datafile
for the hansducer factor to reduce raw (dBpV) data
to the samc units as the limit. Figurc 4 combines the
loop transducer factor with the analyzer noise floor,
and conparcs the resultanL noise floor equivalent
field intensity with the limits shown in Figures 1'2.
In order to provide adcquate perfonnance, the noise
floor equivalent lield intensiLy should be 6 dB below
the limit curues shown. Only the MIL-STD-461C,
pafi 2 REot curve is high enough to be measured
with the HP8566.

'l'wo questions are of interest.
a. Stry are the space magnetic emission limits so

much tighler thar the military limii?
b. Given that we have $60k invested in an HP8566

or similar microwavc 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. lntense 6&Hz sources (such
as fan motors) measured within a centimeter of the
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Figure 2. 55P30237 (Stqce Statio RE01 liwit and
MSF'C-SPEC-521A (Sbace ShuttLd RE04 limit.'
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Figure 3: RE01 l7oP 7lt|ut for diJfere t
limits.

EU' l ' rnay wcl l  measure below back
ground levels at one- meter sepamtion. It
is not possible to correlatc neasurenents
made closc to thc EUT with measurc
ments made an order oI  magnitude
grealer clistancc awav.r Thelefore. I the
EMC issue of interest is side-by-side corr
patiblity. one nlust rneasurc the lnagnetic
fie1d innediately adjacent to thc sotlr-ce.
This is the case for thc nilitary RE01 linil
ilnposed at 7 cm ftom the EU'l'. lf, howcv-
er, the EMC issue is control of general
niagn€tic field inkrnsity in a Jarger volume

Figure ,1: HP8566 ttoise floor eqllil)alent
Jleld intensity (using REOl loot) com\aled
t0 seDeral a( tnagnetic enission requtre
me ts (flequenc! ratlge not srecilied for ot-
eratio b, HP).

cent.r ' ,  d orr  thc EUT. as i t  miglr t  be i f : "n
sitive instrurrents were measuring plasma
Iields in space, then it n'rakes sense to
measure thc ficld at a distance nore feD
resentative of thc actual sensor to IIU'I '
separation. 'fhis is the casc for thc two
space related l imits. The nil i tary l i lr i t,
mcasured a lew centimeters fronr the
ELIf, is necessarily set at a nuch higlter
level than thc one- meter separation re

Figure 5: REq1 lo0p transducer factor
(when loaded with 50 A).

quil ements. Thc conrbinatjon of REO1
loop and microwave spectrum analyzel
which is just able to measure at thc ccn-
timcter scparation limit is not adequate to
do thc job tbr the one-meter limits.

E>r.tending Measurement to 20 Hz
l l t .  rnU:t  ubviut t .  <ulr l i ( 'n I ' ,  making

a sensi t ive 20-Hz nagnet ic measure-
nent is to acqll ire a more sensitive re-
ceiver. These are commonl5' available
Irom several nlarufacturers, but if not
already in house. entail an expcnditure
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EMC/ESD International
Full-Day Tutorial

April '!2, 1994
8:00 a.m. - 5:00 p.m.

Anaheim, CA

"Fundamentals of EMI Testing"
Presented by Ken Javor

EMC Compliance
This full day seminar is an investigation into the meth-

ods and molivation of EMI testing and limit setting. The
morning discussion session wil l be followed after lunch
with testing demonstrations. Test methods are presented
via the tvDe of EMI interaction the test method and limit is
meant to control. Historlcal evolution of EMI control from
the 1940s to the present is discussed so that the attendee
can gain an intuit ive insighl into the rationale behind the
melhods and limits. The degree of correlation belween
standardized comol iance test  Drocedures such as ANSI
C63.4 {FCC). IEC 801 and MIL-STD-461/-462 {especially
the new "D" revis ion) is presented to fur ther explain
these conceots. The emohasis of the course is not to in
sti l l  cookbook test methods but rather to foster ar engi-
neering issues oriented app.eciation of the pfoblems and
solut:ons of the EMI/EMC discipline.

To sign up for this course please contact EMC/ESD In-
ternational, Registration Coordinator, 6151 Powers
Ferry Fd. NW, At lanra,  GA 30339. Tel :  (8OO)
A2a442O or Fax: (4O41 618-0441.
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Figure 6. Electro-Metrics's MFM-I 1.

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

V/B = 2nfn,,,"*4""0 (1)
ii-::----:;---- -:-:;---:;---;-

.1t ( 1+( rq/t(,I i+ {znr r\/ KL)ti I

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

I f  we can f ind a sensing mechani .m
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 oI
the most sensitive are discussed below.

Variable-p 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 oscil lator circuit. As the magnetic
field changes in intensity, the changing
inductance o{ the sensor element
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Figure 7a: HP8566 measured shield roont
ambients using MFM-I7 as sensor.
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changes the oscillator frequency, effec-
lively frequency modulating the tank cir-
cuit. Just as in an FM receiver, the fre-
quency deviation is proportionai to sig-
nal strength, and the rate of change of
the deviation gives the frequency spec
trum of the signal. A commercially avail-
able var iable-p magnetometer is the
Llectro-Metrics MFM-11.. qhown in Fig-
ure 6. This magnetometer has a sensitiv-
ity of 13 dBpT/riHz, and a broadband
sensitivity over its bandwidth ol 20 Hz -
50 kHz of 60 dBpT. Figure 7a is a plot of
an ambienl laken 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 facil i ty but
using the RE01 loop instead of  the
MFM-11. The raw data has been adjust-
ed Ior transducer lactor for bolh 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 Il is a very censitive device. Con-
necled lo a low-frequency EMI receiver
or dynamic signal analyzer, it will allow
measurements dorvn 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-p 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 ferri le 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

Figure 7b: HP8566 rneasured shield room
ambients using RE01 loob sensor.

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
VI-F-80D,8 shown in Figure 8. The \/LF-
80D has a frequency range of 20 Hz to
50 kHz. With a transducer factor of -5.6
dBpV/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 dBpV adjusted Station limit is 78
dBpV (84 dBpT + {-5.6 dB[V/pT]), just
above the Figure 9 reference level. Fig-
ure 9 shorvs the noise floor of the VLF
80D/HP8566 combined test set.

Pedorming 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 dBprV/pT, could be di-
rectly applied to the specification limit
and compared to the noise floor of the
spectmm analyzer. The result of that ex-
ercise indicated that the VLF-80D was a
candidate sensor. l 4rat remained to be
detemined was the noise output of the
VLF-8OD. As shown in Figure 9, the
noise oulpul  wa. low enough lo not af-
fect the Space Station limit. Testing to
the Shunle l imit 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 fleld 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 apefture. 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 frequency150
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Figure 9. Noise floor of VLF-80D and
HP8566 test set.

faster than the limit falls, ability to make
the neasurement at 20 Hz gual antees
adequate performance over the entire
frequency range of the VLF 80D. The
Helmhollz coil current to B-field magni-
tude ralio was given as 15 Amps,/11.4
Gauss at DC. This is 37.7 dBpT/UA. In
order to generate a specification level
Jield of 84 dBpT it was necessary to n
duce 84 - 37.7 = 46.3 dBpA = 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 RE()1 loop was sub
st i tut€d for the VLF-80D, and the
HP8566 was replaced by an Electro-Met-
r ics EVC- I  I  ,  a sensi t ive EMI receir  er
operating from 16 Hz to 50 kHz with a
noise floor adequate for use with the
RE01 loop and either of the Space mag-
netic l imits mentioned in this article.
Figure 11 shows this setup and the ex-
cellent agreement between coil current
and measured field intensity.

The \rLF-80D sells for less than S750.
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Fluke 806

\192[AVLF 8OD #
80.5dBuV
dS

HP8566A

Q 
ooori o,hui

HP 2OOCD
sg gen @ 20 Fz

30 dBrt V implies

Ellrc-11

'91550-11
2T=_76 dBo

80.5 dBtV -  -  5.6 dB| V/pT =861 dBpT

Figure 10. Calibration check of VLF-
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-p magnetometer may be
used to measure to the most stringent
magnetic EMI l imits. An induction coil
rnagneromeler i. useiul for applications
requiring better sensitivity than a loop
but not as sensitive as the variable-p
magnetometer.  The pr icc-to-pcrfor-
mance ratio of the magnetometer ls a
bargain at less than 10 percent of the
cost of the variable-p magnetometer,
which itself is less than one third the
cost of an EMI receiver compatible with
the RE01 loop transducer factor and
Spacc magnet ic EMIl i rn i ts.  =.

Notes
1. The HP8566 spectrum analyzer specifi-
cations are given for a frequency range oI
100 Hz to 22 GHz. Degraded perlor-
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 \4{F
limits may require e>.ternal signal pream-
pli l ication. Local oscil laror hamonic mix-
ing above 2 GHz reduces the sensitivity
and ma) nece.sitate the use o[ low-noise
preamplifiers, available from several man-
ufacturers, including HP.
2. This limit is borrowed directly lrom
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 rneasured at low frequen-
cies with a combination RE01 loop and
HP8566 spectrum analyzer.
4. The minimum resolution bandwidth
(RBllI) is low-side bounded by the resid-
ual FV of the local oscil lator. 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 f i l ter .  Ho\ever,  i t
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.
Jayor, K. Introduction to the Control of
Electromagletic Interfereuce, A Guide to
U d?rstanding. Applj iag. and Tqilofing

unloaded AF, 600 Q input O)
@ 20 Hz, AF = -84 dB! V/pT

Fluke 8060
192pA

0 dBt V,600 O input

EMC-11

0 dBu V - - 84 dBJr V/pT = 84 dBpT

Figure 11. Check of Helmholtz coil calibra-
tion at 84 dBtT at 20 Hz with RE01 loop
connected to EMC-11 EMI receiuer.

EMI Linits and Tcst M?thods, EMC Com-
pliance, P.O. Box 14161, Huntsville, AL.
35815-0161.
6.  Elec t  ro-Met r ic s.  100 Church Street,
Amsterdam, NY 12010. Phone (518)
843-2600. FAX (518) 843-2812.
7. The MFM-11 is the direct descendant
of the LMCO 6640, which ua. (he device
protected by MIL-STD-461A limit RE04.
MSFC-SPEC-S21A limit RE04 is identi-
cal  1o Ihe MTL-STD-461A version.
Therefore the MFM-11 is quite suitable
for making the measurement.
8.  ! \a lker Scient i l ic ,  Rockdale Street,
Worcester,  MA 01606. Phone (508)
852-3674. F,{X (508) 85G993i.
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