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Introduction

(This introduction is not part of IEEE Std 1308-1994, IEEE Recommended Practice for Instrumentation: Specifications
for Magnetic Flux Density and Electric Field Strength Meters— 10 Hz to 3 kHz.)

This recommended practice identifies instrument specifications that should be provided to characterize field
meters that are used to measure the root-mean-square (rms) values of electric and magnetic fields in resi-
dences, the work place, and transportation systems. Because of recent interest in power frequency and other
extremely low frequency fields in the above environments, and because of the growing number of commer-
cially available field meters, a need has developed for establishing specifications for instrumentation used to
measure fields in the various mentioned settings. In addition to identifying field meter specifications that
should be provided, this document includes descriptions of instrumentation, recommends methods of cali-
bration, describes sources of measurement uncertainty, and provides guidance on determining total uncer-
tainty. As noted in 1.2 of the Overview, while field meter specifications are identified, specific frequencies
and field levels that should be used for calibration purposes and limits on measurement uncertainty are not
recommended in this document. Rather, it is left to standards that describe measurement protocols for the
different environments to indicate specific calibration points and uncertainty requirements.
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IEEE Recommended Practice for
Instrumentation: Specifications for
Magnetic Flux Density and Electric
Field Strength Meters—10 Hz to 3 kHz

1. Overview

1.1 Scope

This recommended practice identifies specifications that should be provided to characterize instrumentation
used to measure the steady state rms values of magnetic and electric fields with sinusoidal frequency content
in the range 10 Hz to 3 kHz in residential and occupational settings as well as in transportation systems. The
dynamic ranges of interest are 0.01 uT (0.1 mG) to 10 mT (100 G) and 1 V/m to 30 kV/m for magnetic and
electric fields, respectively. In addition, this recommended practice

—  Defines terminology

—  Describes general characteristics of fields

—  Surveys operational principles of instrumentation
— Indicates methods of calibration

—  Identifies significant sources of error

While field meter specifications are identified, frequencies and field levels that should be used for calibration
purposes, and limits on measurement uncertainty are not recommended in this standard. Rather, it is left to
standards that describe measurement protocols for different environments to indicate specific calibration
points and uncertainty requirements.

NOTE —For example, IEEE Std 644-1994 [B15] ! limits the total uncertainty during calibrations of magnetic and elec-
tric field meters used in the vicinity of ac power lines to +3%.

However, sources of uncertainty during calibration and measurements are identified and guidance is pro-
vided on how they should be combined to determine total measurement uncertainty.

Throughout this recommended practice, the words “magnetic flux density” and “magnetic field” will be con-
sidered synonymous. In regard to electric field measurements, this recommended practice considers electric
field meters that only measure the unperturbed electric field strength at a point in space (i.e., the electric field
prior to the introduction of the field meter) or on conducting surfaces. Measurement protocols are not pro-

IThe numbers in brackets correspond to those bibliographical items listed in annex C .
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vided. Protocols for measuring electric and magnetic fields near power lines and video display terminals are
described in IEEE Std 644-1994 [B15] and IEEE Std 1140-1994 [B16], respectively. Protocols for measur-
ing only power frequency electric fields are described in IEC Publication 833 1987 [B11].

1.2 General

The increasing interest in characterizing quasi-static magnetic and electric fields in a number of environ-
ments has led to the development and marketing of many field meters with a range of specifications. Sources
of quasi-static fields include devices that operate at power frequencies and produce power frequency and
power frequency harmonic fields, as well as devices that produce fields that are independent of the power
frequency. Examples in the latter category include video display terminals (vertical scan magnetic field),
electric railroads (16.7 Hz and 25 Hz), mass transportation systems (0 Hz to 3 kHz depending on character-
istics of adjustable speed drive), commercial airplanes (400 Hz), induction heaters (50 Hz to 3 kHz), and
electric automobiles. Because of differences in the characteristics of the fields from sources in the various
environments, e.g., frequency content, polarization, nonuniformity, and magnitude, the instrumentation
requirements for measurements in the various environments will differ. While a variety of instrumentation
exists to characterize these parameters, this recommended practice only pertains to the instrumentation to the
extent that they measure the root-mean-square (rms) levels of the magnetic and electric fields.

2. References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

IEEE Std 100-1992, IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI).2

IEEE Std 539-1990, IEEE Standard Definitions of Terms Relating to Corona and Field Effects of Overhead
Power Lines (ANSI).

3. Definitions

For additional definitions, see IEEE Std 100-19923 and IEEE Std 539-1990.

3.1 ac electric field strength meter: A meter designed to measure ac electric fields. Three types of electric
field strength meters are available —free-body meter, ground-reference meter, and electro-optic meter.

3.2 average sensing rms detector (see true rms detector): A detector circuit that rectifies the signal from
the probe and is calibrated to give the correct rms value of a sinusoidal field at some given frequency.

If there are harmonics in the field, a field meter with an average sensing rms detector will not indicate the true rms value
of the field if the signal from the probe is proportional to the time derivative of the field. If the detector contains a stage
of integration, the error is reduced. The error will also be a function of the phase relation between the harmonic and fun-
damental field components [B20], [B34].

3.3 coil probe: A magnetic flux density sensor comprised of a coil of wire that produces an induced voltage
proportional to the time derivative of the magnetic flux density.

’IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.

3For information on references, see clause 2.
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NOTES:

1—To eliminate effects due to electric field induction, it is essential that the coil of wire be shielded.

2—Since the induced voltage is proportional to the time derivative of the magnetic flux density, the detector cir-
cuit of the sensor often contains an integrating stage to recover the waveform of the magnetic field. The inte-
grating stage is also desirable, particularly for measurements of magnetic field strength with harmonic content,
since this stage (i.e., its integrating property) eliminates the excessive weighting of the harmonic components in
the voltage signal produced by the probe.

3—This probe can also be used to measure static (dc) magnetic flux density if the probe is rotated at a known
rate.

3.4 crosstalk: The noise or extraneous signal caused by ac or pulse-type signals in adjacent circuits (mea-
surement of power frequency magnetic fields).

3.5 electro-optic field meter: A meter that measures changes in the transmission of light through a fiber or
crystal due to the influence of the electric field.

While there are several electro-optic methods that can be used for measuring electric fields, e.g., the Pockels
effect, the Kerr effect, and interferometric techniques, this recommended practice only considers electro-optic
field meters that utilize the Pockels effect.

3.6 free-body meter: A meter that measures the electric field strength at a point above the ground and that is
supported in space without conductive contact to earth.

NOTE—Free-body meters are commonly constructed to measure the induced current between two isolated
parts of a conductive body. Since the induced current is proportional to the time derivative of the electric field
strength, the meter's detector circuit often contains an integrating stage in order to recover the waveform of the
electric field. The integrated current waveform also coincides with that of the induced charge. The integrating
stage is also desirable particularly for measurements of electric fields with harmonic content because this stage
(i.e., its integrating property) eliminates the excessive weighting of the harmonic components in the induced
current signal.

3.7 frequency response (bandwidth): The change in response (reading) of a field meter to a field of constant
amplitude but different frequencies.

The range of frequencies over which the field meter response is constant to within 3 dB is often referred to
as the bandwidth of the field meter.

3.8 fluxgate magnetometer: An instrument for measuring magnetic fields by making use of the nonlinear
magnetic characteristics of a probe or sensing element that has a ferromagnetic core.

3.9 ground reference meter: A meter that measures the electric field at or close to the surface of the ground,
frequently implemented by measuring the induced current or charge oscillating between an isolated electrode
and ground. The isolated electrode is usually a plate located level with or slightly above the ground surface.

NOTE —Ground reference meters measuring the induced current often contain an integrator circuit to compensate for
the derivative relationship between the induced current and the electric field.

3.10 Hall-effect probe: A magnetic flux density sensor containing an element exhibiting the Hall-effect to
produce a voltage proportional to the magnetic flux density.

Hall-effect probes respond to static as well as time varying magnetic flux densities. Due to saturation prob-
lems sometimes encountered when attempting to measure small power frequency flux densities in the pres-
ence of the substantial static geomagnetic flux of the earth, Hall-effect probes have seldom been used under
ac power lines.
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3.11 magnetic flux density meter: A meter designed to measure the magnetic flux density.

Several types of meters are in common use, e.g., field meters with air core coil probes, meters with Hall-effect
probes, and meters that combine two coils with a ferromagnetic core as in a fluxgate magnetometer.

3.12 maximum value of magnetic field: (measurement of power frequency electric and magnetic fields from
ac power lines). At a given point, the root-mean-square (rms) value of the semi-major axis of the magnetic
field ellipse.

3.13 measurement uncertainty: (test, measurement, and diagnostic equipment). The limits of error about a
measured value between which the true value will lie with the confidence stated.

Uncertainty of measurement comprises, in general, many components. Some of these components may be es-
timated on the basis of the statistical distribution of the results of series of measurements and can be charac-
terized by experimental standard deviations. Estimates of other components can be based on experience or
other information.

3.14 pass band: (1) (data transmission) A range of frequency spectrum that can pass at low attenuation. (2)
(circuits and systems) A band of frequencies that pass through a filter with little attenuation (relative to other
frequency bands such as a stop band).

3.15 quasi-static field: A field that satisfies the condition f << c¢/Im 2 , where fis the frequency of the field,
c is the speed of light, and [ is a characteristic dimension of the measurement geometry, e.g., the distance be-

tween the field source and the measurement point.

NOTE—Power frequency magnetic and electric fields near power lines and appliances are examples of quasi-
static fields.

3.16 resultant magnetic field: The magnetic field given by the expression

2 2 2
Bp = /By +B +B, @))
where

x, By, ana B,  are the rms values of the three orthogonal field components.

NOTE —The resultant magnetic field is also given by the expression:

BR = Bmax+Bmin (2)
where

B and B;, are the rms values of the semi-major and semi-minor axes of the magnetic field ellipse,
respectively.

The resultant By is always = B ,,,. If the magnetic field is linearly polarized, B ;;, =0 and B g = B .. If the
magnetic field is circularly polarized, B ,x = B ;, and Bg = 1.41 B,

3.17 spot measurement (point-in-time measurement): A measurement that is performed at some instant
and point in space that does not provide information regarding temporal or spatial variations of the field.

3.18 survey meter: A lightweight battery operated meter that can be held conveniently by hand in order to
conduct survey type measurements.
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3.19 true rms detector (see average-sensing rms detector): A detector that contains a circuit component
that performs the mathematical operation

[T 3)
0

to a periodic signal, v(t)
where
T  is the period of the signal.

NOTE—If there are harmonics in the field and v(t) is proportional to the time-derivative of the field, the detector circuit
must also contain a stage of integration prior to the rms operation in order to avoid error [B13], [B34]. This type of
detector gives the true rms value of a field containing harmonics provided that the frequency response of the detector is
flat over the frequency range of interest. If significant levels of harmonics are present in v(#), particular attention should
be given to the possibility of amplifier saturation effects if the integration follows one or more stages of amplification.

4. General characteristics of magnetic and electric fields

Magnetic and electric fields produced by power lines, appliances, and transportation systems can be charac-
terized according to their magnitude, frequency, waveform (harmonic content), degree of polarization, spa-
tial variation, and temporal variation. These characteristics are described briefly because of their importance
in specifying requirements for instrumentation used to measure the fields.

NOTE —This recommended practice does not consider transient temporal variations, i.e., events that are fast compared
to the period of the magnetic and electric fields.

Several of the above field parameters can be introduced by considering magnetic fields produced by three
phase power lines. Some of the same parameters are also used to characterize electric fields. In general, the
magnetic field at a point can be represented as a rotating vector that traces an ellipse for every cycle of the
currents in the conductors as shown schematically in figure 1 a) [B4]. The rms magnitude and direction of
the semi-major axis, given by M in figure 1 a), indicates the magnitude and direction of the maximum mag-
netic field. Similarly, the rms magnitude and direction of the semi-minor axis, given by m in figure 1 a),
describes the minimum magnetic field. Such fields are said to be elliptically polarized.

Because magnetic fields in environments away from power lines also can be produced by multiple current
sources that are not necessarily in phase, elliptically polarized magnetic fields can occur in many settings
(e.g., homes, work place). Depending on the geometry and currents in the conductors, the degree of mag-
netic field polarization at a point can vary from linear (m = 0) to circular (m = M) as shown in figures 1 b)
and 1c). This discussion of polyphase fields assumes that there are no harmonics in the field. The polariza-
tion state of fields with significant harmonic content is more complicated [B34].

Near ground level, the magnitude of the magnetic field from a three-phase transmission line changes slowly
as a function of height of the measurement point above ground. For example, for a typical 500 kV line, the
change in the magnetic field magnitude near ground level is less than 2% for a 10% change in the measure-
ment height for locations underneath the line. The uniformity increases at more distant points. For locations
far from the line, the magnitude of the magnetic field from a single circuit three-phase line with balanced or
nearly balanced currents decreases approximately as 1/d 2, where d is the lateral distance from the line (d is
assumed to be much greater than the conductor spacing) [B29]. As the current imbalance increases, the
decrease in magnetic field magnitude changes from a 1/d 2toal/d dependence [B29], [B37]. The magnetic
field from balanced double-circuit three-phase lines with low reactance phasing (i.e., for identical or nearly
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identical load currents for both circuits) decreases as 1/d > where d is again much larger than conductor spac-
ing. The temporal variations of the magnetic field is a function of load current variations, e.g., during heavy
usage of electrical energy, the load currents increase and produce greater magnetic fields (the concurrent
sagging of the conductors also can contribute to greater field levels).

m<M

a) ellipticalm< M

m=0
BNz
M
b) linear, m=0 c) circular polarization, m= M

Figure 1 — Oscillating and rotating magnetic field vectors

Oscillating and rotating magnetic field vectors that have been reduced in magnitude, i.e., divided by, at any instant for the
cases of a) elliptical m < M, b) linear m = 0, and c) circular polarization m = M. The resultant, B R, and the maximum
magnetic field, M, are equal only for the case of linear polarization. The largest difference between the resultant and max-
imum magnetic field occurs for circular polarization, i.e., B R exceeds M by 41%.

Other commonly encountered sources of magnetic fields are straight conductors (e.g., home wiring and
grounding systems/electrodes) and approximately circular turns of wire (e.g., found in transformers, motors,
video display terminals) with single phase currents. The magnetic field lines and vectors at representative
points from such sources are shown schematically in figures 2 a) and 2b). The magnetic fields are linearly
polarized and the time-dependence of the oscillating vectors depends on the waveform of the currents. Sinu-
soidal currents produce sinusoidal magnetic fields free of harmonics and nonsinusoidal currents (e.g., the
sawtooth wave forms from television deflection coils) produce non-sinusoidal magnetic fields that can be
rich in harmonics [B13]. The magnitudes of magnetic fields produced by currents in a straight wire and a cir-
cular loop of wire decrease as 1/r [B9] and 1/r 3 [B35], respectively, where r is the distance from the field
source (in the latter case it is assumed that r is much greater than the radius of the circular loop of wire).
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@y

u

a) Straight conductor

W]

b) Circular conductor

Figure 2 — Magnetic field from current in conductors

5. Magnetic flux density meters (magnetic field meters)

5.1 General characteristics of magnetic field meters

Magnetic field meters consist of two parts —the probe or field sensing element, and the detector —which pro-
cesses the signal from the probe and indicates the rms value of the magnetic field with an analogue or digital
display. Magnetic field probes, consisting of an electrically shielded coil of wire (i.e., a “single-axis” probe),
have been used in combination with a voltmeter as the detector for survey type measurements of power fre-
quency magnetic fields from power lines [B15]. A diagram of this kind of instrumentation, which is one
example of a survey meter, is shown in figure 3. While not indicated in figure 3, components of the detector
are sometimes incorporated with the probe. Magnetic field meters measure the component of the oscillating
(linearly polarized) or rotating (elliptically or circularly polarized) magnetic field vector that is perpendicu-
lar to the area of the probe(s). The direction normal to the area of the probe coincides with the sensitive axis
of the probe.



IEEE
Std 1308-1994 IEEE RECOMMENDED PRACTICE FOR INSTRUMENTATION: SPECIFICATIONS FOR

COAXIAL CABLE

-®-

- —

\— SHIELDING

Figure 3 — Schematic view of simple magnetic field meter with coil-type probe

For measurements in environments where the harmonic components in the magnetic field may not be negli-
gible (e.g., industrial and residential settings, transportation systems), a stage of integration (active or pas-
sive) is made part of the detector circuit in order to preserve the waveform of the magnetic field (see 5.2).
Typically, no provision is made for storage of data, although output connectors for commercially available
recorders are sometimes provided. To characterize the harmonic content in the magnetic field, the detector
signal (which reflects the waveform of the magnetic field) can be examined using commercially available
spectrum analyzers to obtain the amplitudes of the fundamental and harmonic components.

During survey-type measurements of the magnetic field, the probe can be held by hand without significant
perturbation of the field due to the proximity of the observer. Proximity effects of nearby dielectrics are also
insignificant. Proximity effects of small non-ferrous conductors are usually weak and localized to near the
conductor surface, i.e., magnetic fields associated with eddy currents induced in the conductor by the time-
variation of the magnetic field will perturb the field locally. Large non-ferrous metal structures can signifi-
cantly perturb the field over an extended region, e.g., the interior of some mobile homes.

For long-term and/or more comprehensive measurement applications, the survey-type field meter can be
replaced with instrumentation having three orthogonally oriented coil probes (i.e., a “three-axis” probe) for
simultaneous, periodic measurements of the rms values of the three spatial field components. Such instru-
mentation have data storage systems that permit later analyses of the measurement results [B13], [B34]. In
general, “vectorially” summing the rms values of the three orthogonal components [i.e., square root of the
sum-of-squares; see equation (1)] will not yield the maximum magnetic field because of phase differences
between the spatial components. However, an upper limit is provided by this summation [B14], which is
defined as the resultant magnetic field, B g. Assuming that there are no harmonics in the field, the greatest
difference between the maximum magnetic field and the resultant magnetic field occurs when the magnetic
field is circularly polarized, and amounts to 41%, i.e., B g exceeds the maximum magnetic field by this
amount [see equation (2) and figure 1].

It should be noted that B y is also equal to the rms total magnetic flux density [B17], regardless of the phases
of the orthogonal components. One consequence of the phase independence is that B g is not unique in the
sense that the same resultant magnetic field can be produced by magnetic fields with different geometries,
e.g., a linearly polarized magnetic field with orthogonal components B sinw ¢ and B ,sinw ¢, and a circularly
polarized magnetic field with orthogonal components B ,sinw ¢ and B jcosw ¢ will have the same resultant,
B,.
Single-axis meters can be used to measure the maximum magnetic field by orienting the probe until a maxi-
mum reading is obtained. Single-axis meters can also be used to determine the resultant magnetic field by
measuring the rms values of three orthogonal spatial components and combining them according to
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equation (1). It is assumed that during this procedure there are no significant changes in the rms values of the
spatial components.

The development in recent years of small magnetic field personal exposure meters, devices that can be worn
to measure periodically and record the three (rms) spatial components of the magnetic field, has also led to
the use of miniature coil probes, sometimes containing ferromagnetic cores for increased sensitivity [B13].
The orthogonally oriented probes in exposure meters, while in close proximity to one another, may not share
a common central point, i.e., the probes are at different locations. Other types of field meters with high per-
meability inductor probes such as the fluxgate magnetometer [B30] have been adapted for ac and/or dc mea-
surements.

Yet more sophisticated instrumentation is available that periodically records the magnetic field waveform of
the three orthogonal field components at the same instant and thus contains magnitude, phase, and frequency
information that is subsequently analyzed for degree of polarization, harmonics, etc. [B34].

Also available are magnetic field meters with Hall-effect probes that can be used to measure magnetic flux
densities from dc to several hundred hertz. However, because of their low sensitivity and saturation problems
due to the earth's field, they are not suited for low level ac field environments (e.g., in the vicinity of power
lines and in residences), and therefore are not considered in this standard (see annex A).

5.2 Theory of operation (coil probes)
The principle of operation of the magnetic field meter shown in figure 3 is based on Faraday’s law that pre-

dicts that a voltage, V, is produced at the ends of an open loop of wire placed in a changing magnetic field.
Specifically, the voltage is equal to the negative of the time-rate-of-change of the flux, ¢, through the loop

V= ‘% = —(%L{BmdA} @)

where

B is the magnetic flux density in units of tesla
n  is a unit vector perpendicular to the area of the loop, A in m?,
dA is an element of area of the loop.

If the magnetic field is free of harmonics, e.g., B = B ,sinwt, and perpendicular to the area of the probe, then
V = —wByAcoswt ®)
where
w, the angular frequency, is equal to 2xtimes the frequency.

For N turns of wire in the loop, the voltage given by equation (5) will develop across each turn and the total
voltage will be -NwB jAcoswt. Equation (5) shows that the sensitivity increases with the area of the probe.

If there are harmonics in the magnetic field, there will be an additional term on the right side of equation (5)
for each harmonic. Because of the differentiation operation [see equation (4)], each of the additional terms
will be weighted by the associated harmonic number. For example, if there were 10% third harmonic in the
field, the term, —3(0.1)wB , Acos3w¢, would be added to the right side of equation (5). Because of the
weighting of the harmonic term, the waveform of the signal will no longer reflect the waveform of the field.
Consequently, the rms value indicated by the voltmeter-detector (see figure 3) will not accurately represent
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the rms value of the field. The waveform does reflect, to a good approximation, the time-variation of the
voltage or current induced in conducting materials.

To recover the magnetic field waveform, it is necessary for the detector to perform the inverse mathematical
operation, namely integration. This can be accomplished by introducing a stage of integration in the detector.
(If the signal is digitized, the integration can be done by computation.) For example, the integration stage
can be combined with the probe in the form of passive components, or an integrating operational amplifier
can be incorporated into the detector. The frequency response of the probe-integrating detector combination
should be made flat over the frequency range of interest. Filters and adequate electric field shielding should
be part of the detector circuit design to exclude signals outside the frequency range of interest.

In addition to considering how the detector responds to fields with different frequencies, it is also necessary
to consider the frequency response of the probe. Because of the inherent inductance, resistance, and capaci-
tance of the probe, the relationship between the voltage induced in the coil, V [see equation (4)], and the
voltage entering the detector, v, should be considered as a function of frequency. A simplified schematic
view of the equivalent circuit for the coil probe is shown in figure 4 . The ratio, IWI, of probe voltage, v, to
induced voltage, V, is given by [B1].

Wl = |2

-[552-ue folgee]

where

Landr are the inductance and resistance of the coil and its leads
C is the stray capacitance
R is the approximate input impedance of the detector

The value of |WI should remain close to unity and not peak before falling off with increasing frequency.
High values of R can cause peaking near the resonance frequency of the probe followed by a rapid fall-off in
IWI. Lower values of R permit the value of |WI to roll off gently with increasing frequency. Too low a value,
however, causes a more rapid roll off and an unnecessary reduction in the frequency response [B7].

The theory of operation for magnetic field meters with probes containing ferromagnetic cores is more com-
plicated than the air core case because the permeability of the core material may vary with frequency and
magnitude of the field. Discussions of magnetic field meters with probes containing ferromagnetic cores are
given in [B13] and [B30].

L r
— W

V) :::t: § Rp ¢t Vp

Figure 4 — Approximate equivalent circuit of a coil probe when connected to the detector

L, r, and C represent the coil inductance, wire resistance, and stray capacitance, respectively. The input impedance of the
detector is represented approximately as a resistor R p.

10
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5.3 Calibration methods for magnetic field meters

Calibration of a magnetic field meter is normally done by introducing the probe into a nearly uniform mag-
netic field of known magnitude and direction. Known magnetic fields can be produced by coil systems with
circular and rectangular geometries [B2], [B6], [B19], [B31], [B38]. For example, Helmholtz coils have fre-
quently been employed to generate such fields. A single loop of many turns of wire with rectangular geome-
try for producing the field is described below because the equations for calculating the field at all points in
space are in closed form [B20], [B38] and the coil system is simple to construct. The simplicity in construc-
tion is at the expense of reduced field uniformity, but sufficient uniformity for calibration purposes is readily
obtained.

The z-component of the magnetic field produced by a rectangular loop 2a x 2b at a point in space, P(x,y,z), is
given by the following expression [B20], [B38]:

woIN & (-1)“d,, c,
- E _ 7
: 4 [rﬂ+(_1)a+lca] ro(re+dg) 7

a=1L"y

where

N= number of turns

Ci=—Cy=a+x ri= [a+ x)+ b+ y)+ 2212
Cy=—Cs=a-x o= [(a-x) 2+ (b+ y) 2+ 2%"?
di=dy=b+y r 3= [(a— )% (b—y)*+ 2212
dy=d ;=y-b r4=[(a+x) 2+ (- y) 2+ 247

I is the rms current in amperes.
Uois the permeability of air.

X, y, and z are the coordinates (in meters) shown in figure 5.

—ca

N '
< f/

ﬁﬁ\\ \\

2b

Figure 5 — Coordinate system and geometry of rectangular loop
of many turns of wire for equation (7)
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The conductors in the current loop are assumed to be of negligible cross section. It is noted for purposes of
reference that

g o MoV
© na

®)

at the center of a square loop of side dimension 2a. Equation (7) has been used to calculate the field values at
and near the center of a square loop of dimensions 1 m x 1 m. The percent departure from the central mag-
netic field value at nearby points in the plane of the loop and at 3 cm above and below the plane of the loop
(in parenthesis) are plotted in figure 6. Also shown in figure 6 is a scale drawing of a magnetic field probe
10 cm in diameter. The departure of the magnetic field from the central value over the cross sectional area of
the 10 cm probe is less than 1%.

B-FIELD T
PROBE =

— [
+ -1m >

35—

Figure 6 — Percentage departure of calculated B z from central value

Differences in percent of B , from central value for positions in the plane of a square loop 1 m x 1 m, and 3 cm above or
below the plane (parentheses). A scale drawing of a coil-type probe 10 cm in diameter is outlined.

It is noteworthy that a field meter with a coil probe will indicate a magnetic field value that is an average over
the cross sectional area of the probe. The difference between this average and the central value [see equation
(8)] will be less than the maximum percent departure from the central value. For example, while the largest
departure of the magnetic field from the central value is 0.63% for the 10 cm probe (in the plane of the loop),
the average field is only 0.31% more than the central (calibration field) value.

By varying the frequency of the current through the loop, the frequency response of the field meter can be
determined for the frequency range of interest. For a nearly constant IW| [see equation (6)] and a suitably
designed detector with a stage of integration, a field meter with an air core probe should indicate a nearly
constant rms value as the frequency is varied. A similar result should be obtained with a coil probe that has a
core of soft ferromagnetic material, if the change in permeability as a function of frequency is negligible.

12
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NOTE—While a flat frequency response may be observed with both an average sensing rms detector and a true rms
detector, the response of the average sensing rms detector to a complex magnetic field waveform, consisting of the fun-
damental and one or more harmonics, may still be in error (see 3.2).

Calibration of the higher scales of a magnetic field meter, i.e., = 10 uT, normally can be performed with a field
generated by a coil system because background fields that are typically 0.1 uT or less, make a negligible con-
tribution to the calibration field. However, the presence of significant background fields will prevent calibra-
tion of the more sensitive scales because of their perturbing effects on the calibration field. An alternative
procedure for calibrating the sensitive scales is to use a voltage injection technique [B7]. Using this procedure,
the volts/tesla produced by a coil probe (when connected to the detector circuit) can be determined at each fre-
quency of interest using a voltmeter connected to the input of the detector and a magnetic field that is at least
two orders of magnitude larger than the background field. Voltages that correspond to smaller magnetic fields
are then injected into the detector circuit (with the probe disconnected) to calibrate the more sensitive scales
of the magnetic field meter. A voltage divider with a well known ratio when connected to the detector, an ac
voltage source (e.g., a function generator), an accurate voltmeter, and adequate electric field shielding can be
used to inject the known voltages for the frequency range of interest [B7]. The frequency dependence of the
voltage divider ratio also should be known in order to carry out the calibration. Figure 7 shows a schematic
view of a voltage injection circuit connected to the detector. In general, the voltage injection approach may not
be applicable to probes with ferromagnetic cores because the permeability of the core may vary with magnetic
flux density and affect the probe sensitivity. It should be noted that the voltage injection technique can also be
used as a means for checking the calibration of all ranges of the magnetic field meter.

FUNCTION
YGENERATOR SHIELDING

DETECTOR
RD? v
—_l_—

Figure 7 — Diagram for voltage injection technique

The voltage,V, from a function generator is reduced for injection purposes using a resistive divider. The injected voltage,
v, is given by Vr/(R + r) in the absence of frequency effects on the divider ratio. R and r are resistors with R typically
much larger than r. The input impedance of the detector is approximated as a resistance R D. The relation r << R D must
be satisfied to avoid significantly affecting the value of the divider ratio.

5.4 Sources of measurement uncertainty

Once a valid calibration of a magnetic field meter has been performed, the number of mechanisms that can
cause measurement errors is small. As noted in 5.1, the coil probe and detector must have adequate electrical
shielding (e.g., against power frequency and radio frequency electric fields), but observer proximity effects

are negligible.

NOTE —This recommended practice does not consider uncertainties associated with temporal and spatial variations of
the magnetic and electric fields. Characterization of temporal variations of magnetic fields can be obtained using meters

13
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designed to record field values over extended periods. Spatial variation measurements require the recording of magnetic
field components as a function of coordinate position. For example, instrumentation incorporating “measurement
wheels” is available for characterizing spatial distributions of magnetic fields in some environments. In many instances,
the temporal or spatial variation can far exceed uncertainties associated with field meter calibration, e.g., because of
changes in load currents on power distribution lines, the temporal variation of magnetic fields in residences can change
by several hundred percent [B13]. A mechanism that can produce short-term temporal variations of the magnetic field is
the movement of ferromagnetic objects, e.g., automobiles and trucks past the measurement location.

Possibly the greatest uncertainties occur when measurements are made manually of highly nonuniform mag-
netic fields close to such sources as appliances. Uncertainties in the orientation of the probe (e.g., when mea-
suring the maximum magnetic field with a single-axis probe) and the distance between the source and probe
can lead to measurement results that differ by more than 100% [B12]. In addition, the magnetic field meter
probe is normally calibrated in a nearly uniform magnetic field and is used to measure a field that can vary as
(distance)_3 (see clause 4). While the center of the probe is usually considered the measurement location, the
magnetic field reading actually is an average of the normal component of the magnetic field over the cross
sectional area of the probe. In some cases, the average field can differ significantly from the central field
value. Finally, as the probe is rotated in a highly nonuniform field, the readings can depart significantly from
the cosine law. This departure from the cosine law can affect field measurements with single- and three-axis
probes.

Uncertainties related to positioning the magnetic field probe more precisely with well defined orientations
can be reduced with the use of adjustable stands fabricated with non-magnetic materials. The relationship
between the magnetic field at the center of a circular coil probe and the average magnetic flux density can be
calculated as a function of the ratio of distance, r, from the magnetic field source and probe radius a. Table 1
shows as a function of r/a the largest calculated difference between the magnetic field at a point near an
appliance, in percent, and the average magnetic field value determined by rotating a single-axis probe at the
same point until a maximum reading, AB |4, is obtained [B26]. A dipole magnetic field is assumed for the
calculations because to a good approximation its geometry simulates the geometry of many electrical appli-
ances and equipment [B22]. In general, the magnetic dipole axis will have an unknown orientation during a
measurement situation. Therefore, the calculations and results in [B26] considered different orientations of
the magnetic dipole for a fixed ratio of r/a, until the largest difference between the magnetic field at the
probe's center and the maximum average magnetic field was determined. The dipole approximation assumes
a (distance)™ dependence of the magnetic field, which may not be exactly true close to some appliances.
The minus sign in table 1 indicates that the maximum measurement will be less than the magnetic field value
at the center of the probe.

Table 1 also shows as a function of r/a the differences that are possible, in percent, between the magnetic
field value at the center of a three-axis probe (with a common central point) and the resultant magnetic field
(see 3.16) obtained by “vectorially” summing the average (rms) magnetic field values from three orthogo-
nally oriented circular coil probes, AB .3 [B26]. The values of AB,,,3 are the largest differences calcu-
lated following arbitrary rotations of the three-axis probe and for different orientations of the magnetic
dipole [B26].

The information in table 1 should be considered when taking into account the various sources of measure-
ment uncertainty. For example, if the maximum magnetic field at a distance r from an appliance is to be
measured with a single-axis probe having a radius a such that r/a = 5, the maximum measured field could be
too low by as much as 5.7% because the orientation of the magnetic dipole is typically unknown. While this
uncertainty cannot be used to correct measurements, it can be combined with other sources such as calibra-
tion, bandwidth, etc. (see paragraph below).

14
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Table 1 — Values of AB ,ax1(Single-axis probe) and AB ,,,x3(three-axis probe) as a function
of normalized distance r/a from the magnetic dipole

rla AB a1 (%) AB pa3(%)
3 -14.6 -19.6
4 87 -10.8
5 -57 -6.9
6 4.0 48
7 -30 35
8 23 27
9 -18 2.1
10 -15 -17
11 -12 “14
12 -1.0 -12
13 -0.9 -1.0
14 -0.8 -0.9
15 -07 -038

The information in table 1 for three-axis field meters cannot be used to correct readings because the orienta-
tions of the magnetic dipole and three-axis probe also are not known in most measurement situations. Thus,
the entries for AB,,,3 in table 1 can be regarded as the largest measurement errors as a function of r/a
because of averaging effects of the three coil probes. The values of AB,,,,3 should be considered when deter-
mining total measurement uncertainty. For example, if the resultant magnetic field is to be measured at a dis-
tance r from an appliance with an uncertainty of less than 10%, magnetic field meters with three-axis probes
having radii a such that r/a = 3 should be considered unsuitable. Three-axis probes having radii such that
rla = 5 would conservatively be considered suitable if the combined uncertainty from other sources
amounted to 3% or less, i.e., 6.9 + 3.0 = 9.9, where 6.9 is taken from table 1 for r/a = 5.

Three-axis meters that have probes in close proximity but at different locations can be expected to exhibit
some error in highly nonuniform fields. In addition, if the coil probes have ferromagnetic cores for enhanced
sensitivity, some compromise may be necessary in the placement of the three orthogonally oriented probes.
If the probes are too close, the proximity of the ferromagnetic cores can perturb the magnetic field and the
axial field sensed by each probe. If the probes are placed far apart to reduce the proximity effect of the ferro-
magnetic cores, some error can occur in highly nonuniform fields as noted in the first sentence of this para-
graph.

Another source of uncertainty occurs if batteries that drive the detector circuit are in close proximity to coil
probes as is possible in the small confines of exposure meters. Metal jackets for batteries may be ferromag-
netic and possibly distort the magnetic field sensed by the probes. For example, if the field meter is cali-
brated with batteries that have ferromagnetic casings, the calibration could be invalidated if batteries with
nonmagnetic casings were used at a later time.
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Electrical noise in the detector circuit can create a “noise floor” that prevents accurate magnetic field mea-
surements at lower field levels. The noise floor can be estimated by performing measurements far from mag-
netic field sources (e.g., middle of an open field).

Limited bandwidth can contribute to measurement uncertainty and lead to differences in measurement
results. For example, measurements of magnetic fields from some video display terminals (VDTs) using a
60-Hz field meter (i.e., a field meter with a narrow pass band centered about 60 Hz) can differ by more than
20% compared with field meters with broader pass bands [B13]. This occurs because the VDT magnetic
field is rich in harmonics that cannot be detected with a 60-Hz meter. If the magnetic field contains no power
frequency component, the difference or error could be much larger (see also note in 5.5).

A final source of uncertainty that is considered is the influence of temperature on the operation of the field
meter. If extreme differences in temperature are anticipated at a measurement site compared to the tempera-
ture at the time of calibration, the effects of temperature should be known or characterized. The influence of
temperature can be determined using the voltage injection technique while the field meter is in an environ-
mental chamber. By observing the field meter response as a function of temperature under conditions of con-
stant voltage injection, the temperature dependence can be quantified.

5.5 Calibration procedure and specifications for magnetic field meters

The magnetic field meter should be calibrated periodically at intervals dependent in part on the stability of
the meter. For calibration of the higher ranges, the magnetic field probe should be placed in the center of a
single loop (of many turns) with the plane of the probe coincident with that of the loop. Figure 8 shows a
schematic view of the probe, loop, and associated circuit. The loop dimension should be at least 1 m x 1 m
for a probe with a 10 cm diameter. The loop may be scaled upwards or downwards for larger or smaller
probes, respectively, to maintain a level of uniformity across the probe comparable to that shown in figure 8.
It is noted with emphasis that the calibration field may be generated with other loop systems provided that
comparable uniformities can be obtained. Information on fields generated by rectangular, square, and circu-
lar loop systems (including Helmholtz coils) is given in [B6], [B19], [B31], and [B38].

CONDUCTOR BUNDLE "DIAMETER"
O v
DS 000060000 —f
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N TURN LOOP » \\-
B-FIELD
PROBE

Figure 8 — Schematic view of circuit for calibration of magnetic field meter using a square
loop to produce a known field
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The resonant frequency of the calibration loop should be sufficiently greater than the calibration frequencies
so that calibrations are not affected by the resonance phenomenon. To avoid significant perturbations of the
calibration field by image current loops, the calibration loop should be no closer than two side dimensions
away from any ground plane.

Perturbations of the calibration field can occur because of ferromagnetic materials in close proximity to the
calibration loop. For example, large permeability materials such as steel in a nearby cabinet or desk, or a
bracket under a table will concentrate the magnetic flux and may perturb the value of the calculated field in
the calibration loop. The influence of nearby ferromagnetic materials on the calibration field should be
checked using a trial and error approach, e.g., the influence of a nearby relay rack on the magnetic field
could be examined as a function of distance from the calibration coil.

Calibrations of single-axis probes and each axis of three-axis probes should be performed with sinusoidal
magnetic fields or their equivalent voltages (voltage injection technique) at the levels and frequencies that
are relevant for the measurement environment of interest. During calibration of each axis of three-axis
probes, a check should be made for crosstalk (see 3.4) between the detector circuitry for each probe. If
present, crosstalk should be made negligible and/or considered when determining total measurement uncer-
tainty (see 5.6). Magnetic field meters with three-axis probes should also be calibrated for one orientation (at
one frequency and field level) where approximately the same flux passes through all the coils.

For representative frequencies in the frequency range of interest, a plot of the calculated magnetic field val-
ues in the center of the loop [see equation (8)] vs. the applied current (or voltage for voltage injection tech-
nique) should be made as shown in figure 9. The uncertainty in the calculated magnetic field should be
indicated at a representative point with a vertical error bar. This error bar is due to uncertainties in the mea-
sured current, /, the side dimension, 2a of the calibration loop, and the effect of nonuniformity of the mag-
netic field (< 0.5% for 10 cm probe), when calibrations are performed with the calibration loop.

NOTE — Uncertainty in the side dimension of the square loop, 2a, can be due to a non-negligible conductor bundle cross
section. For this case, the side dimension may be taken to be the distance between the centers of the conductor bundles
with an uncertainty equal to + the conductor bundle “diameter” (see figure 8). The combined uncertainty is given by the
square root of the sum-of-the-squares. For example, if uncertainties in the determination of / and a are +0.2% and
+1.0%, respectively, the combined uncertainty in the value of the calibration field for the 10 cm diameter probe is
£[(0.2)2+(1.0)2+(0.5)%]1/2 or = 1.1%.

If calibrations are performed using the voltage injection technique, the error bar is due to uncertainties in the
volts/tesla ratio (related to / and 2a) and the voltage being injected. A region of acceptable field meter read-
ings should also be indicated on the plot as shown in figure 9 (the vertical bar representing the uncertainty
associated with the calculated magnetic field should be contained in this region). Measured values obtained
with the field meter that is being calibrated should also be plotted. Field meters with readings that are outside
the shaded region in figure 9 should be considered inaccurate. At least three magnetic field levels for each
range of the field meter, sufficient to span 30% to 90% of full scale, should be recorded for meters with ana-
log displays. At least four points, sufficient to span 10% to 90% of full scale, should be obtained with field
meters with digital displays. Field meters with autoranging capabilities should be calibrated on each range at
no less than three representative points which span most of the range. On the most sensitive range, one of the
calibration points should be 10% of the maximum value for that range. On the least sensitive scale, one of
the calibration points should be 90% of the maximum value for that range. To meet these requirements, the
signal from the probe should be amplified, integrated, and filtered with appropriate high-pass and low-pass
filters as needed.
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REGION OF ACCEPTABLE
FIELD METER READINGS

B-FIELD (uT)

SCALE (uT)
FREQUENCY (Hz)

CURRENT (COIL SYSTEM)
VOLTAGE (VOLTAGE INJECTION)

The calibration field (ordinate) is calculated using equation (8) or from using the voltage injection technique (see 5.3).
Figure 9 — Diagram for calibration of magnetic field meters

What may be considered as an acceptable region of field meter readings and an acceptable uncertainty in the
calculated magnetic field is left to standards that describe measurement protocols for specific measurement
environments (see note in 1.1). The recorded field values permit the determination of correction factors that
should be applied to field meter readings when measurements are performed in the environment of interest.
The uncertainty associated with the above calibration process is equal to the uncertainty of the calculated
magnetic field once the correction factors have been applied to the field meter readings.

It is desirable to perform calibration checks of field meters using the voltage injection technique at the same
time the meter is calibrated in a known field. This practice would allow calibration checks to be substituted
for calibrations with magnetic fields produced by coil systems when coil systems are not available.

The noise floor (see 5.4) should be determined for each scale that is being calibrated. If significant in magni-
tude, it should be reduced or combined with other sources of uncertainty (see 5.6). This should be done for
single-axis field meters and each axis of three-axis field meters.

Calibration checks or calibrations should be performed prior to and after any extended periods of field meter
use, e.g., if measurements are performed over a period of several days to a week. This practice is particularly
important when there are logistical difficulties in returning to the measurement location at a later time.
Energizing power supplies used for the calibration loop should be nearly free (<1%) of harmonic content.

The following field meter specifications should be provided (see also clause 7):

Dynamic range and measurement uncertainty. Indication of the range of minimum to maximum field levels
that can be measured within specified uncertainties.

Frequency response or pass band. Indication, in percent or decibels, of the maximum departure of the field
measurement from actual value as a function of frequency. This information may be presented with figures

and/or text.

Other specifications that should be provided are field meter (including probe) dimensions, weight, operating
temperatures, and power requirements.
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The filter characteristics may be described in terms of the high pass corner frequency, high-pass characteris-
tic, low-pass corner frequency, etc. Specifications may be required, in some cases, on pass band ripple, e.g.,
Chebyshev filters.

NOTE—To minimize signals from the probe due to motion of the probe in the earth's magnetic field, the high-pass cor-
ner frequency can be increased, provided that the higher frequency does not compromise the measurements, e.g., mea-
surements of 25-Hz magnetic fields from some electric trains.

5.6 Measurement uncertainty

In order to determine the total uncertainty associated with rms measurements of the magnetic flux density in
different measurement environments, there should be an appropriate accounting of the various sources of
uncertainty. Possible sources of uncertainty that have been identified in the previous clauses are the follow-
ing:

a)  Calibration uncertainty

b)  Averaging effects of coil probes during nonuniform field measurements (see table 1)
c)  Errors in positioning the probe in nonuniform fields

d) Frequency response or band pass limitations

e) Inadequate electric field shielding

f)  The noise floor

g)  Crosstalk

h)  Temperature

Some sources of uncertainty can be reduced to negligible levels. For example, proper shielding can reduce
susceptibility to 60-Hz electric fields and electromagnetic interference to negligible levels [B12].

NOTE—There can be extreme measurement environments for which adequate shielding against electromagnetic inter-
ference will be difficult, e.g., near very high-frequency (vhf) and ultra-high frequency (uhf) broadcast facilities.

Similarly, stands fabricated from insulating materials can be used for precise positioning of the field meter
probe in highly nonuniform fields. The combined uncertainty of the significant sources of uncertainty should
be taken as the square root of the sum-of-the-squares.

Some judgment is called for in performing this calculation. If, for example, a magnetic field contains har-
monics, the true rms value of the magnetic field is given by

B=BfA/1+a?+a§+a§+.... ©))
where

By is the rms value of the fundamental field component
a; is the fraction of the ith harmonic

If the harmonics decrease in amplitude at higher frequencies and the bandwidth of the field meter is inade-
quate to give full value to the higher harmonics, the true rms value of the magnetic field still may not be
greatly affected by the limited frequency response because of the summation given in equation (9).

Similarly, it should also be recognized that uncertainties during the measurement of magnetic fields from
appliances or other electrical equipment, as a function of distance from the source can become very great
(e.g., exceeding 100%) as the field level from the source approaches the value of the background magnetic
field. For this case, the uncertainty should include an additional term, “%background,” where %background
is equal to (background field/measured field) x 100%.
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6. Electric field strength meters (electric field meters)

6.1 General characteristics of electric field meters

Electric field strength meters consist of two parts—the probe or field sensing element and the detector—
which processes the signal from the probe and indicates the rms value of the electric field strength in units of
V/m using an analogue or digital display. The following three types of electric field meters are considered in
this standard:

a)  The free-body meter
b)  The ground reference meter
¢) The electro-optic meter.

When measurements of the electric field strength are performed, the observer must be sufficiently removed
from the probe to avoid significant perturbation of the field at the location of the probe (see 6.4). Free-body
and electro-optic type meters should be sufficiently small so that the size of the probe does not significantly
perturb the charge distributions on boundary surfaces generating the electric field, i.e., energized and
grounded surfaces. Although field meters are calibrated in nearly uniform electric fields, the field that is
measured need not be very uniform (see 6.4). Electric field meters measure the projection of the oscillating
(linearly polarized) or rotating (elliptically or circularly polarized) electric field vector onto the electrical
axis of the probe (the axis of greatest electric field sensitivity). Electric field meters that simultaneously mea-
sure more than one component of the electric field are not considered in this recommended practice.

6.2 Theory of operation
6.2.1 Free-body meters

Free-body meters determine the electric field strength by measuring the steady state induced current or
charge oscillating between the conducting halves (electrodes) of an electrically isolated probe after the probe
has been introduced into the electric field. For commercially available free-body meters, the detector is usu-
ally contained in or is an integral part of the probe. The probe and detector are supported in the electric field
at the end of a horizontal insulating handle [B11], [B15]. The free-body meter is suitable for survey type
measurements because it is portable, allows measurements above the ground plane, and does not require a
ground reference potential. Free-body meters are normally battery powered.

There also exist free-body meters designed for remote display of the electric field strength. For this case, a
portion of the signal processing circuit is contained in the probe and the remainder of the detector is in a sep-
arate enclosure with an analog or digital display. A fiber optic link connects the probe to the display unit
[BS], [B18].

=

a) Spherical probe b) Commercial U.S. probes

Figure 10 — Geometries of E-field probes
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Figure 10 shows examples of free-body meter geometries. The theory of operation of free-body meters can
be understood by considering an uncharged conducting body with separated halves or electrodes introduced
into a uniform electric field E. The charge induced on one of the electrodes is

0= (D ndA (10)
SIZ

where

the electric displacement D is equal to € , E

€, is the permittivity of free space

n  is a unit vector perpendicular to the surface of the electrode
d A is an element of area on half of the body with total surface S

The case of spherical geometry [see figure 10 a)] yields the result

0 = 3na’e E (11)
where
a is the radius of the sphere [B33].

NOTE—The surface charge density is given by 3€o0 E cosO. Integration over the hemisphere gives equation (11)
(see [B33]).

For less symmetric geometries, the result can be expressed as
0 = ke E (12)
where
k  is aconstant dependent on the probe’s geometry.

Sensing electrodes resembling cubes and parallel plates [figure 10 (b)] have been employed. If the electric
field strength has a sinusoidal time dependence, for example E ,sinw? where w is the angular frequency, the
induced charge oscillates between the two halves and the current is given by

[ =99

n = kwe E coswf

(13)

The constant k can be thought of as a field meter constant and is determined by calibration. The influence of
the handle, representing a leakage impedance, and the perturbation introduced by the observer are taken to
be negligible in the above discussion.

If there are harmonics in the electric field, there will be an additional term on the right side of equation (13)
for each harmonic. Because of the differentiation operation in equation (13), each of the additional terms
will be weighted by the associated harmonic number. As for the magnetic field meter case (see 5.2), it is nec-
essary for the detector to perform the inverse mathematical operation, namely integration, to recover the
electric field waveform. This is accomplished by introducing a stage of integration. For example, an integrat-
ing amplifier or a passive integrating circuit combined with a voltmeter could be used as a detector. The fre-
quency response of the probe-integrating detector combination should be made flat over the frequency range
of interest. Filters should be used to exclude signals outside of the frequency range of interest.
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6.2.2 Ground reference meters

Ground reference meters determine the electric field strength by measuring the current or charge on the sens-
ing surface of a flat probe. Such meters are normally used to measure the electric field at ground level or on
flat conducting surfaces that are at ground potential. Two probe designs have been employed. One design
makes use of a single flat conductor with an isolated central section that serves as the sensing surface. Small
versions of this type of probe have been made with double-clad printed circuit board as shown in figure 11
a). A second design consists of two parallel plates separated by a thin sheet of insulation, with the top plate
acting as the sensing surface [figure 11 b)]. From Gauss’ Law, the charge, O, induced on a sensing surface
with area A, is

0 = ¢ ,EA (14)
where

E s the average electric field strength across the sensing surface
€ s the permittivity of free space

Assuming that E varies sinusoidally with angular frequency w, i.e., E = E jsinw ¢, the resulting induced cur-
rent is given by

1= dd—? = we E Acoswt (15)
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Figure 11 — Two designs for flat probes used with ground-referenced electric field meters
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If there are harmonics in the electric field, there will be again an additional term on the right hand side of
equation (15) for each harmonic. As in 6.2.1, because of the differentiation operation, each of the additional
terms will be weighted by the associated harmonic number. To recover the electric field waveform, it is nec-
essary to perform the inverse mathematical operation, namely integration. An integrating circuit/voltmeter
combination that produces a flat frequency response over the frequency range of interest can serve as the
detector. Filters also should be part of the detector circuit to exclude signals from outside of the frequency
range of interest. Ground reference meters may be battery or mains operated.

Electric field meters with flat probes can be used to measure the electric field strength on flat electrically
energized surfaces if the detector is operated at the same potential as the energized surface. In such cases,
viewing of the analog or digital display of the detector must be done remotely, either visually from a distance
or using a fiber optic link.

6.2.3 Electro-optic meters

The electro-optic field meter considered in this standard employs a probe that exhibits the Pockels effect
when introduced into the electric field. This type of field meter is similar to the free-body meter in that it is
suitable for survey type measurements, allows measurements at most points above the ground plane, and
does not require a ground reference potential. The probe, which is separate from the detector, can be sup-
ported in the field with an insulating handle. The probe and detector are connected with optical fibers
through which light from the detector is routed to and from the probe. In general, the probes are small in
dimension (~2 cm) compared to free-body meter probes and this permits measurements closer to conducting
surfaces because of the smaller interactions with the surface charge distributions. However, while smaller in
size, Pockels effect probes have less sensitivity to electric fields (~5 kV/m and higher) compared to free-
body meters (~1 V/m and higher) and are more expensive to fabricate.

Figure 12 shows a sketch of a Pockels effect probe and its constituent components. Light originating in the
detector is sent to and from the probe via optical fibers. The electric field, E, induces a birefringence in an
appropriately oriented dielectric (Pockels) crystal that causes the intensity of the linearly polarized light to
be modulated according to the relation [B10]

Iy _ [ +sin(E'/F)]

7 > (16)

I, is the transmitted light
i 1is the incident light
E¢ is the electric field in the crystal
F  isequal to A2mn’ Ce !
A is the wavelength of light
n  is the index of refraction
is the crystal thickness
c. Iis the electro-optic coefficient of the crystal

For equation (16) to hold, it is assumed that the crystal has no intrinsic optical activity.

Equation (16) shows that the amplitude of light modulation is a function of the electric field in the crystal
that, in turn, is dependent on the external field E. Because the light transmission tracks the waveform of the
electric field, a stage of integration is unnecessary in the detector to appropriately process signals due to har-
monics that may be in the electric field. The Pockels crystal is sometimes coated with transparent electrodes
to permit measurements of voltage using the Pockels effect. Electro-optic meters may be battery or mains
operated.
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The amplitude of the modulation as light passes through the Pockels crystal and other optical elements provides a measure
of the electric field E.

Figure 12 — Probe for Pockels-effect electric field meter

6.3 Calibration methods for electric field meters

Nearly uniform electric fields can be produced for calibration purposes with parallel plates provided that the
dimensions of the plates are sufficiently large relative to the plate spacing [B2], [B15], [B36]. The uniform
field value, E , is given by V/t where V is the applied potential difference across the plates and ¢ is the plate
spacing. As a guide for determining parallel plate dimensions, the calculated magnitudes of the electric field
strength, E, normalized by the uniform field (E/E ) at the plate surface and midway between the plates are
plotted as a function of normalized distance, x/¢, from the plate edge in figure 13. Numerical values are pre-
sented in table 2.

The results in table 2 show that the departure from field uniformity due to fringing fields decreases to 0.1%
at a distance of one plate spacing from the edge. For square plates of finite size, the effect of the fringing
fields from the four edges can be estimated using the principle of superposition when the effect from one
edge is less than 0.1%. Numerical calculations of the field between finite size parallel plates suggests a dis-
crepancy of 0.04% using this approach [B36]. These results are valid in the absence of perturbations from
nearby ground planes. Calculations and measurements [B20], [B36] indicate that energization of the parallel
plates with a center-tapped transformer provides a field that is more immune to perturbations due to nearby
ground planes.

A parallel plate system that is suitable for calibrations of free body meters is shown in figure 14. Metal
sheets or tightly stretched metal window screen on metal frames 1.5 m x 1.5 m and a separation of 0.75 m
are used to form the parallel plates. The plates are energized with a function generator/power amplifier/trans-
former combination with adequate current limiting resistors in the transformer output leads as a safety mea-
sure [B32]. For example, 10 MQ and larger resistors of adequate voltage rating are satisfactory up to 10 kV
(i.e., E =13 kV/m). Normal high-voltage laboratory safety practices should be followed when working with
high voltages. A calibration field that is within 1% of the uniform field value, V/z, is produced at the center of
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the parallel plate system described above (uncertainties in the values of V and ¢ should be combined with the
1%). The free-body meter is positioned at the center of the parallel plate system with the insulating handle
normally used during measurements. To avoid significant perturbations of the surface charge distributions on
the parallel plates due to the presence of the field meter, the largest diagonal dimension of the meter should
be no larger than 23 cm [B25]. In addition, the distance from the parallel plates to the nearest ground plane
(walls, floor, etc.) should be 0.5 m or more. The parallel plate system can be scaled upwards or downwards

for larger or smaller field meters.

Table 2 — Calculated normalized electric field values midway between plates and at plate

surfaces
Midway between plates

x/t E/Eo
0.069 8 0.837
0.162 1 0.894
0.296 5 0.949
0.4177 0.975
0.682 1 0.995
0.793 4 0.997
1.000 0 0.999

Plate surfaces

1.000 0 1.001
0.795 4 1.002
0.686 1 1.005
0.4376 1.025
0.243 1 1.095
0.162 4 1.183
0.1230 1.265
0.099 1 1.342
0.0829 1.414
0.0452 1.732
0.030 7 2.000
0.018 5 2.449

By varying the frequency of the voltage to the parallel plates, the frequency response of the field meter can

be determined.

Electro-optic electric field meters can also be calibrated in a parallel plate system; the parallel plate system

may be scaled downward for the smaller dimensions of the electro-optic probe.
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For calibrations of ground reference type field meters, the arrangement for energizing the parallel plates
shown in figure 14 is modified so that the bottom plate is at ground potential and is used as a support for the
flat probe. Because of the increased distance between the probe and top plate, the perturbation of the surface
charge distribution on the top plate by the probe is greatly reduced (compared with free body meters midway
between the plates). This decreased perturbation permits reduction of the parallel plate spacing previously
indicated (0.75 m) and thereby increases the lateral extent of the nearly uniform field region (see figure 13
and table 2). The parallel plate spacing should be no larger than 1.5 times the side dimension of the probe,
and the edges of the probe should be no closer than two plate spacings to any edge of the bottom plate. The
distance between the parallel plates and the nearest ground plane (walls, floor, etc.) should be greater than
two plate spacings. The guard band should be at least as wide as 6% of the side dimension and the thickness
of the probe should not exceed 3.5% of its side dimension. With the above restrictions, the calibration field
will be within 0.5% of the uniform field value, V/¢ (uncertainties in the values of V and ¢ should be combined
with the 0.5%) [B24].
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Figure 13 — Calculated normalized electric field at plate surfaces and midway between
plates as function of normalized distance from edge of plate

Figure 14 — Parallel plate system for calibrating free-body and Pockels-type electric field
meters
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Free-body and ground-reference field meters, in their initial response to an electric field, can be considered
as current measuring devices. Afterwards, if there is a stage of integration in the detector circuit, the field
meter reading will be proportional to the induced charge which tracks the waveform of the electric field [see
equations (10) through (15)]. Therefore, if the ratio of induced current to electric field, I/E, for an electric
field meter is determined by calibration, a current injection scheme can be used later as a check of the instru-
ment calibration [B20]. Figure 15 shows a circuit that can be used for injecting known currents into the sens-
ing electrodes of a free-body type meter. In figure 15, V is the voltage produced by a function generator and
Z is a known impedance at least two orders of magnitude greater than the input impedance of the field meter.
Although Z may consist of capacitors or resistors, resistors are preferred because the impedance of capaci-
tors will change when the current injection technique is used at different frequencies. Further, if there are
harmonics in the voltage source, smaller errors will be introduced with the use of resistors. The injected cur-
rent can be calculated from Ohm’s law.

FUNCTION FIELD
GENERATOR METER

NS S I

j e TWISTED LEADS
SHIELDING

Although Z may be capacitors or resistors, resistors are preferred (see 6.3).

Figure 15 — Diagram for current injection technique

A circuit similar to the one shown in figure 15 can be used for injecting currents into ground-reference field
meters. For this case, the impedance on the ground side of the voltage source is removed and the remaining
impedance is doubled in value.

Adequate shielding is required when the current injection technique is employed in order to minimize signal
contributions from such sources as nearby lighting and electrical equipment. Enclosing the current injection
circuit and field meter with a grounded metal screen can reduce the signal contributions from background
sources to negligible levels. The validity of the current injection approach assumes that the ratio I/E is deter-
mined soon after calibration of the field meter in a known electric field and that the field meter probe has not
been modified since its calibration.

It is desirable to perform the current injection check immediately following calibration of the meter in a
known electric field. Thereafter, the current injection technique can be substituted for calibrations with
known electric fields produced by parallel plates.

If electrical connections can be made to the Pockels crystal in the electro-optic field meter, a voltage injec-
tion technique can be used to check the calibration of the meter once it has been calibrated in a known field.
The voltage injection circuit for Pockels-type electric field meters would be similar to the one shown in fig-
ure 15, but with the impedances removed.
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6.4 Sources of measurement uncertainty

Compared to the magnetic field meter case, the sources of uncertainty during measurements of electric fields
are many, particularly for free-body meters without remote displays. Uncertainties that should be combined
with the calibration uncertainty are as follows:

Proximity effect of observer. The proximity of an observer during electric field strength measurements can
be very significant for certain geometries. Observer proximity effects during measurements in a slowly
changing (approximately uniform) vertical electric field have been calculated and measured for free-body
meters, and are shown in figure 16. Figure 16 shows the perturbation of the electric field measurement in
percent as a function of observer distance from the probe and field meter height above the ground [B5, B28].
The data points represent measured perturbations beneath a 500 kV transmission line due to a 1.8 m tall
grounded observer (arms at side). The solid curves are theoretical predictions. Because the observer’s poten-
tial is frequently near ground potential due to leakage resistance and capacitance to ground, the proximity
effects in figure 16 can be regarded as typical.
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The curves represent theoretical calculations [B5] assuming a uniform electric field. The data points are for a grounded
observer 1.8 m tall beneath a 500 kV transmission line. Proximity effects are shown for three heights of the field meter
above the ground plane.

Figure 16 — Observer proximity effects during electric field measurements in
vertical electric field

The observer proximity effects for free-body meters in other geometries can be determined experimentally
by supporting the field meter handle on a vertical insulating column as shown in figure 17. Tests employing
vertical glass columns with this geometry demonstrate that the presence of the column does not significantly
affect the measurement. The proximity effect is determined by noting changes in field value as a function of
observer distance from the center of the probe. The field meter digital or analog display is oriented so that
the observer is able to view it safely during the tests. The arrangement in figure 17 can also be used as a mea-
surement technique in situations where the field geometry is not well known. For example, it could reveal
whether the observer had come between a distant energized electrode and the field meter.

Reading errors (free-body meters with analog displays). Because of significant observer proximity effects

during certain measurement situations (e.g., near overhead power lines), an observer may be required to
maintain a distance of more than 2 m from the probe [B11], [B15]. If a free-body meter with an analog dis-
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play is being used, some uncertainty will result due to reading the display from a distance. Estimates of this
uncertainty can be made by having a second observer far from the probe simultaneously determine the field
reading using binoculars. Replacement of an analog display with a digital display can reduce reading errors
in some cases. Ground reference and Pockels effect field meters normally have detector circuits well
removed from the location of the probe and are thus not expected to lead to reading errors.

ELECTRIC

FIELD FIELD METER DISPLAY
*~__SOURCE /

<«— DIRECTION OF
OBSERVER APPROACH

\ FIELD METER HANDLE

| INSULATING COLUMN

Figure 17 — Experimental arrangement that can be used to determine
observer proximity effects

Proximity effects of conducting planes (free-body meters). Because of interactions that can occur between
the field meter probe and surface charge distributions on nearby conducting surfaces, the electric field mea-
surement can be significantly perturbed if the probe is brought too close to the surface. Calculations show
that this perturbation for a spherical probe [figure 10 a)] is reduced to near 0.5% when the distance between
a ground plane and the probe center is three probe radii [B3]. Therefore, a spherical probe is not expected to
have significant measurement error if a distance of two probe diameters is maintained between the probe and
conducting surfaces. The diameter of probes with rectangular geometries can be conservatively estimated as
the largest diagonal dimension of the probe.

Asymmetry in probe design. Asymmetries in the design of an electric field meter probe can change the direc-
tion of the electrical axis (axis with greatest electrical sensitivity) with respect to the geometrical axis (verti-
cal axis in figure 10). Measurements performed with such an instrument may be more or less immune to
observer proximity effects [B20]. In such cases, the observer proximity effect should be quantified before
the field meter is used for measurements.

Field meter inclination (free-body meters with analog displays). Mechanical imbalance of an analog display
can be a source of uncertainty. If the movement is not sufficiently well-balanced, the meter should be used in
the same orientation with respect to the vertical as existed during calibration. An estimate of the magnitude
of this type of error can be made by rotating the meter in the absence of an electric field and observing the
displacement of the needle. The measurement error due to mechanical imbalance can be reduced by repeat-
ing a measurement after rotating the probe 180 degrees (about an axis normal to the face of the meter) and
taking the average of the two measurements. This procedure can be used if the geometrical and electrical
axes coincide. Replacement of an analog display with a digital display will eliminate uncertainties due to
poor mechanical balance.
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The response of an electric field meter with an analog display to the same induced current may depend on
the meter’s orientation, even if mechanically balanced. This effect can be a source of measurement uncer-
tainty if the electric field meter is used in an orientation that differs from that used during calibration in a
known field. The magnitude of this possible source of uncertainty can be determined using the current injec-
tion technique (see 6.3) while rotating the electric field meter in the absence of an electric field.

Ambient magnetic fields. Because magnetic fields are typically produced at the same time as electric fields,
electric field meters should be designed so that they are not significantly affected by magnetic fields at the
levels anticipated in a given measurement environment. The coil system described earlier (see 5.4) for pro-
ducing magnetic fields can be used to check for immunity to magnetic fields.

Handle leakage (free-body meter). Electrical leakage via a grounded observer and surface contamination on
the insulating handle of the field meter may perturb the electric field beyond the normal geometric perturba-
tion produced by the electrically floating probe. To check for handle leakage, the electric field meter should
be oriented with its axis perpendicular to the direction of a known field. Significant electrical leakage would
cause a nonzero reading. Such a reading, expressed as a percent of the actual field would represent the order
of magnitude of the uncertainty that could be caused by this mechanism. It is assumed for this check that the
electrical and geometrical axes coincide.

Nonuniform electric field (free-body meter). Although electric field meters are calibrated in a nearly uniform
field (6.3), they normally may be used with small uncertainty for measurements in nonuniform fields. This
can be seen by considering the current induced in a spherical probe by a highly nonuniform electric field
produced by a point charge Q(wr) that oscillates in magnitude with angular frequency w. In the absence of
nearby ground planes, the induced current is given by

72114_}

2
I = 3na maoE[l LR (17)

where

is Q(w t)/4nE , d ?

is a/d

is the radius of the spherical probe

is the distance between the point charge and center of probe

QLS ™Iy

NOTE—This result is given without derivation in [B23]. It can be readily derived by considering an uncharged conduct-
ing sphere in the field of a point charge and using the method of images.

Equation (17) is derived assuming that the probe is aligned with the electric field direction.

Comparing equation (17) with equations (11) and (13) reveals that the induced current is the same as that
produced by a uniform field of magnitude Q(wt)/4n<E, d 2 if the terms in (a/d) are ignored. Thus, the current
induced between the two halves of a spherical dipole that is located at a point in a highly nonuniform field
produced by a point charge is nearly the same as that produced by a uniform field of equal magnitude if d is
sufficiently large. For example, if a/d is equal to 0.1, the difference in induced current (i.e., electric field
measurement) produced by a uniform field and a highly nonuniform field is less than 1%. The change in
electric field magnitude over the dimensions of the sphere is

AE/E=4a/d = 04

It can be shown that the measurement error remains small even when the probe is not aligned with the elec-
tric field direction [B27]. Consequently, the uncertainty caused by nonuniformity of the field will be negligi-
ble for many practical cases. Calculations also show that probes in the shape of parallel plates can also be
used to measure nonuniform electric fields with small error if the difference in induced charges or induced

30



IEEE
MAGNETIC FLUX DENSITY AND ELECTRIC FIELD STRENGTH METERS—10 Hz to 3 kHZStd 1308-1994

currents on the plates is measured by the detector [B27]. For comparisons with equation (17), the radius of
field meters that have rectangular geometries can conservatively be estimated as half the largest diagonal
dimension.

Humidity. Under high humidity conditions, a layer of surface condensation may form on parts of an electric
field meter. The major source of uncertainty comes from handle leakage through the mounting insulation to
one of the electrodes. If significant, this leakage will greatly increase the currents induced in the probe and
the resulting field meter reading. A much smaller uncertainty is associated with leakage between the two
sensing electrodes, which would reduce the reading of the field meter. The field meter, its handle assembly,
and its internal insulation should be kept clean and dry to minimize errors due to leakage currents.

Electro-optic probes, which have dielectric covers, also may be adversely affected under high humidity con-
ditions. For this case, a layer of surface condensation could act as a Faraday cage and attenuate the electric
field reaching the Pockels crystal.

The influence of ambient humidity on the performance of field meters can be determined by applying the
current injection technique (free-body meters) or voltage injection technique (electro-optic meters) with the
field meter in an environmental chamber. The dependence on humidity can be determined by monitoring the
field meter response as a function of humidity while holding the injected current (voltage) constant.

Temperature. Environmental chamber tests of free-body meters with analogue displays have shown that the
field meter reading can change by as much as 8% over the temperature range 0 °C to 40 °C [B20]. As for the
magnetic field meter case (see 5.4), if extreme differences in temperature are anticipated at a measurement
site compared to the temperature at the time of calibration, the effects of temperature should be known or
may need to be quantified. The characterization procedure is the same as for magnetic field meters (see 5.4)
with the voltage injection technique replaced with the current injection technique.

The sensitivity of electro-optic type probes is also affected by temperature changes. Tests of Pockels crystals
made from Bi;,SiO, indicate a temperature dependence of less than = 3% for the temperature range —15 °C
to 70 °C [B10]. However, it is known that other crystals that exhibit the Pockels effect have greater tempera-
ture coefficients than Bi;,Si0,, and thus may require correction for temperature.

6.5 Calibration procedure and specifications for electric field meters

Electric field meters should be calibrated periodically at intervals dependent in part on the stability of the
meter. The field meter probe should be placed between parallel plates according to meter type as described
in 6.3. For example, free-body meters with no diagonal dimension greater than 23 cm should be placed at the
center of parallel plates 1.5 m x 1.5 m x 0.75 m spacing, using the insulating handle normally employed dur-
ing field measurements. The parallel plate dimensions may be scaled upward or downward for larger or
smaller free-body meters, etc.

Calibrations should be performed with sinusoidal electric fields at the levels and frequencies that are relevant
for the measurement environment of interest. At representative frequencies, a plot of the calculated uniform
electric field strength, V/t, vs. the voltage, V, applied to the parallel plates should be made as shown in
figure 18. The uncertainty in the calculated electric field should be indicated at a representative point with a
vertical error bar. This error bar includes uncertainties in measured voltage, the parallel-plate spacing, and
the departure from field uniformity (< 1%). A region of acceptable field meter readings should also be indi-
cated on the plot as shown in figure 18 (the vertical bar representing the uncertainty associated with the cal-
culated electric field should be contained in this region). Measured values obtained with the field meter that
is being calibrated should also be plotted. At least three electric field levels for each range of the field meter,
sufficient to span 30% to 90% of full scale, should be recorded for meters with analog displays. At least four
electric field levels, sufficient to span 10% to 90% of full scale, should be recorded for meters with digital
displays. Field meters with autoranging capabilities should be calibrated on each range at no less than three
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representative points that span most of the range. On the most sensitive range, one of the calibration points
should be 10% of the maximum value for that range. On the least sensitive range, one of the calibration
points should be 90% of the maximum value for that range. The maximum measured field should occur
when the probe axis is rotated to within =10 degrees of the vertical direction, and the maximum value should
lie within the region of acceptable readings (see figure 18). Field meters with readings that fail to satisfy the
above criteria should be considered inaccurate. To meet these requirements, the signal from the probe should
be amplified, integrated (free-body and ground-reference meters), and filtered with appropriate high-pass
and low-pass filters as needed.

REGION OF ACCEPTABLE
FIELD METER READINGS

E-FIELD (V/m)

SCALE (V/m)____
FREQUENCY (Hz)

VOLTAGE (V)

The calibration field (ordinate) is determined by calculation and is taken to be the uniform field value (see 6.5).

Figure 18 — Diagram for calibrating electric field meters

What may be considered as an acceptable region of field meter readings and an acceptable uncertainty in the
calculated electric field is left to standards that describe measurement protocols for specific measurement
environments (see note in 1.1). The recorded field values permit the determination of correction factors that
should be applied to field meter readings when measurements are performed in the environment of interest.
The uncertainty associated with the above calibration process is equal to the uncertainty of the calculated
electric field once the correction factors have been applied to the field meter readings.

It is desirable to perform a calibration check using the current or voltage injection technique at the time the
field meter is calibrated in a known field. This practice would allow calibration checks to be substituted for
calibrations in fields produced with parallel-plates.

Calibrations or calibration checks should be performed prior to any extended period of field meter use, e.g.,
if measurements are performed over a period of several days to a week. This practice is particularly impor-
tant when there are logistical difficulties in returning to the measurement location at a later time.

Energizing power supplies for the parallel-plates or the current/voltage injection circuits should be nearly
free (< 1%) of harmonic content.

The following field meter specifications should be provided (see also clause 7):

Dynamic range and measurement uncertainty. Indication of the range of minimum to maximum field levels
that can be measured within specified uncertainties.
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Frequency response or pass band. Indication, in percent or decibels, of the maximum departure of the field
measurement from actual value as a function of frequency. This information may be provided with figures
and/or text.

Other specifications that should be provided are field meter (including probe) dimensions, weight, operating
temperatures, and power requirements.

The filter characteristics may be described in terms of the high-pass corner frequency, high-pass characteris-
tic, low-pass corner frequency, etc. Specifications may be required, in some cases, on pass band ripple, e.g.,
Chebyshev filters.

6.6 Measurement uncertainty

In order to determine the total uncertainty associated with rms measurements of the electric field strength in
different measurement environments, there should be an appropriate accounting of the various sources of
uncertainty. Possible sources of uncertainty have been identified in 6.3 and 6.4. Many sources of uncertainty
can be made negligible or, depending on the type of field meter, may not apply in a given measurement situ-
ation. In any event, the combined uncertainty of the significant sources of uncertainty should be taken as the
square root of the sum-of-the-squares. As noted in 5.6, some judgment is called for performing this calcula-
tion. The discussion regarding bandwidth and measurements of fields with harmonics and measurements
near background field levels are applicable in the present case.

7. Desirable field meter characteristics

7.1 Electrical characteristics

Power supply. The instrument should employ a self-contained power supply that is isolated from external
electric fields. If batteries are used, provision should be made for indicating their condition. Survey type and
personal exposure recording instruments should be capable of at least 8 h operation within its rated accuracy
before replacement or recharging of the batteries becomes necessary.

Precision and accuracy. The instrument should be provided with calibration data or instrument specifica-
tions that permits the user to assess the maximum uncertainty in determining field levels when using the

instrument in fields containing different frequencies. This information should also include the sensitivity of
the instrument to frequencies beyond the intended useful range.

7.2 Physical characteristics

Portability. The instrument should be portable to permit, where appropriate, convenient operation under
restrictive conditions, e.g., climbing a tower with a survey meter.

Weight. The weight should be kept as low as is practical in keeping with good engineering practice.

Volume. The volume should be as small as is practical and convenient for, when appropriate, hand-held oper-
ation.

Dependence on temperature and humidity. The specified accuracy of the instrument should include the
effects of temperature and humidity, and the operating ranges for these parameters should be indicated.

Durability. The indicating meter and other system components should be rugged enough to withstand vibra-
tion and shock resulting from transport. A carrying case is desirable.
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Readability. The meter dial markings or digital displays of magnetic field meters should be large enough to
be easily read at arm's length. The meter dial markings or digital display of free-body electric field meters
should be large enough to be read at greater distances to avoid perturbations of the electric field due to prox-
imity effects of the observer (see 6.4). If more than one range of sensitivity is provided, the full scale value
of the selected range should be indicated and the units should be readily interpretable. For autoranging
instrumentation, the dynamic range may be indicated elsewhere, e.g., in the user manual. The instrumenta-
tion should provide a clear indication of the units being displayed. To comply with this standard, instrumen-
tation marketed prior to the issue of this standard, that do not indicate the units, should be provided with an
appropriate label indicating the units. This may be accomplished by the user applying a label to the body of
the field meter. Alternatively, a label provided by the manufacturer to the user, may be applied by the user.

Ease of adjustment. The instrument should have a minimum number of controls. They should be clearly
labeled as to their functions.

Location and orientation of coil probes. The locations and orientations of coil probes that are contained

within the housings of magnetic field meters should be clearly indicated on the instrument or in the instruc-
tion manual.
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Annex A

(informative)

DC magnetic field instrumentation

The purpose of this annex is to note that measurements of direct current (dc) magnetic fields can be per-
formed accurately with a range of commercially available instrumentation employing a variety of measure-
ment techniques [al]. For example, fluxgate magnetometers, nuclear magnetic resonance (NMR) field
meters, Hall-effect field meters, and the superconducting quantum interference device (SQUID) magnetom-
eters are a few of the instruments available.

Fluxgate magnetometers and Hall-effect field meters can be used to characterize the range of dc fields antic-
ipated for the measurement environments considered in the accompanying standard. Fluxgate magnetome-
ters have adequate sensitivity to measure fields in the range 0.1 uT (and lower) to 0.01 T, and Hall-effect
meters readily can measure levels between 100 uT and 10 T [al].

Standard reference magnets are commercially available for calibration purposes at relatively high field lev-
els, e.g., 0.005 T to 2 T. The coil systems referred to in 5.5 can be used to generate known dc fields, with
lower values, if dc currents are used to energize the coils. However, the influence of the background dc field
must be considered when significant in magnitude compared to the calibration field. Standard reference
magnets are available with magnetic shields to prevent perturbations from external fields. The background
dc field may also be cancelled using a set of auxiliary coils. Orienting the axis of the calibration coil system
in the east-west direction reduces the influence of the geomagnetic field.

It is noteworthy that the very high accuracy of NMR magnetic field meters permits their use as a reference
standard.

A.1 Bibliography for annex A

[al] Lenz,J. E., “A Review of Magnetic Sensors,” Proceedings of the IEEE, vol.78, pp. 973-989, 1990.
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Annex B

(informative)

Units and conversion factors

B.1 Units and conversion factors

Units preferred by the IEEE are the International System of Units (Systeme International d’Unités, or SI

IEEE RECOMMENDED PRACTICE FOR INSTRUMENTATION: SPECIFICATIONS FOR

Units). Some commonly used units and conversion factors are listed in table B.1.

Table B.1 — Conversion from customary to Sl units

To convert from (other units) To (SI Units) Multiply by
Length
inch (in) meter (m) 2.540 E-02
foot (ft) meter (m) 3.048 E-01
mile (mi) meter (m) 1.609 E+03
Magnetic flux density
gauss tesla (T) 1.000 E-04

For additional units and conversion factors, see IEEE Std 268-1982 [b1].
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B.2 Sl Units

Quantity Unit
Time Second (s)
Electric potential volt (V)
kilovolt (kV)
Current ampere (A)
Inductance henry (H)
Resistance ohm (Q)
B.3 Useful physical constants
Constant Equation
Permeability Constant o 4m - 10-7 H/m

Permittivity Constant Eo

8.854 - 10-12 F/m

B.4 Bibliography for annex B

[bl ] IEEE Std 268-1992, American National Standard for Metric Practices (ANSI).
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