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EMF Measurement: Instrumentation

The measurement of any quantity is defined and limited by the capabiliti es of the instrumentation
used to make the measurement.  Often instrumentation systems developed to measure an event
are determined by interest in characteristics of the event.  The latter has been the case with
magnetic-field meters (magnetic flux density meters) used to measure power-frequency magnetic
fields.

Research has identified three specific and three general field characteristics, describing how the
magnetic field behaves in time or space, as interesting for health assessment studies.
They are:

Magnitude Spatial Attentuation

Frequency Intermittency

Polarization/orientation Transients

Field Magnitude is the intensity or strength of the field.  It is the most commonly measured
characteristic of magnetic and electric fields.

Field Frequency is the fundamental frequency of the measured field.  The magnitude and
frequency of the field are often measured.

Field Polarization and Orientation is a spatial characteristic of the vector magnitude of the
field as a function of time.

Spatial Attenuation of the Field indicates how the field decreases with distance from the field
source.  It depends on the geometry of the source.

Field Intermittency is an indication of how often the field magnitude, usually averaged over
several cycles, changes levels.
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Transient Fields are non-periodic changes in field magnitude, usually characterized by a
damped oscill ation at a frequency greater than the fundamental frequency of the field source.
The interest in measurement of f ields associated with power frequency systems has produced a
variety of instruments available to measure certain characteristics of magnetic and electric fields
at power-system frequencies and other related frequencies.  As the number and variety of these
instruments have grown, general guidelines and standards have been developed in an effort to
provide common measurement methods and instrumentation performance [1,2,3,4].

Measurement Technology

Magnetic Field

Most AC magnetic-field meters are essentially shielded loops of wire connected to a current
meter, as ill ustrated in Figure 3-1.  The size of the coil , number of turns in the coil , ampli fiers,
filters, and integrating electronics set the frequency response and field sensitivity of the meter.
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Figure 3-1. Simple magnetic-field meter.

Increasing the size of the coil or using a ferromagnetic core in the coil , instead of air, will
increase the sensitivity of the coil to the field.  The measured field is the actual field integrated
over the area of the loop and normal to it.  Thus if the field is non-uniform and changes rapidly
with distance over the area of the coil , a small coil i s desired.  A small coil area decreases
sensitivity, a change usually countered by increasing the number of turns or adding a
ferromagnetic core.  However, these modifications result in an increase in the inductance of the
coil , which in turn limits the upper frequency response of the coil .  This is usually not a concern
for most survey meters where the instrument frequency range is below 1 kilohertz (kHz).

Small coils are generally desirable in PE meters and for most three-axis survey meters, because
they can be placed in close proximity to each other.  This allows simultaneous measurement of
the magnetic field along three orthogonal axes in approximately the same location, thus
providing the total magnetic field.  Larger-diameter coils (10 cm or more in diameter) are useful
for single-axis survey meters used to search for magnetic-field sources such as current on
metalli c pipes or net current on conductors.
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The frequency response of a magnetic-field meter can have an impact on the measurements if
there are fields present at frequencies higher than the fundamental power frequency, such as
harmonics.  The frequency response of f ield meters is either narrow-band, broad-band flat
response, or broad-band linear response.  Typical frequency responses for the three types of
meters are shown in Figure 3-2.
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Figure 3-2. Frequency response of linear broad-band, flat broad-band,
and narrow-band magnetic-field meters to a reference field
of 1 mG.

A narrow-band meter measures the field magnitude at just the fundamental frequency of interest
(60-Hz power frequency in North America).  The meter’s sensitivity decreases rapidly for
frequencies above and below this frequency.  A broad-band meter measures the magnitude of the
field over some extended frequency range above and below the fundamental frequency of
interest, approximately 40 Hz to 1000 Hz in the case of power-frequency fields.

A meter with a flat frequency response will measure the true magnitude of the field throughout
its range, without regard to the field’s frequency, as ill ustrated by the middle curve in Figure 3-2.
A meter with a linear frequency response will weight the field magnitude according to the
frequency of the field, as shown by the top curve in Figure 3-2.  The meters are calibrated so that
a 1-mG field at 60 Hz will read as 1 mG for all three types of frequency response.  However, a
1-mG field at 180 Hz (3 times the 60-Hz frequency) will be measured as 3 mG by a meter with a
linear frequency response, 1mG by a meter with a flat frequency response, and 0.05 mG by a
meter with the narrow-band frequency response ill ustrated in Figure 3-2.  The frequency response
of a meter is an important question in industrial or commercial settings where harmonics are
often common.

Harmonic fields of the power system usually occur within the first few harmonics.  Except for
some specific equipment or certain industrial installations, measuring to 600 Hz (10th harmonic
for a 60-Hz power frequency) is usually suff icient to include the field from the fundamental
frequency and its harmonics.  A typical frequency distribution of the field magnitudes at the
power-frequency harmonics from a fluorescent light is shown in Figure 3-3.
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Figure 3-3. Field magnitude of a fluorescent light at the first 15
harmonics of 60 Hz.  The measurements are made with
a flat-frequency response meter.

Usually the response of meters to frequencies below the power frequency is strongly attenuated
in order to minimize the effect of meter movement in the Earth’s static magnetic field.  The
Earth’s field is on the order of 500 mG in the United States.

Some meters have frequency ranges down to 5 Hz in order to allow them to meet the MPR
Standard [5] for measurements on video display terminals.  Meters with extended low-frequency
ranges are also necessary to measure the fields from some transportation systems, which have
frequencies around 25 Hz.  Care must be taken to avoid these meters’ movement in Earth’s field.

Magnetic-field measurements are not affected by most nearby or grounded objects unless they are
ferromagnetic or highly conductive.  Because batteries contain ferromagnetic material, they
should not be located near the coils of the meter.

Fluxgates are often used for DC magnetic-field measurements or when both DC and AC
magnetic fields need to be measured simultaneously to preserve the spatial and temporal relation
between the AC and DC magnetic fields.  Solid-state Hall Effect sensors are used in some DC
(and also some AC) field meters that measure fields of 100 mG or greater.

Most meters now provide a true rms reading of the field.  An rms evaluation correctly combines
the fundamental frequency with the harmonics to give a true measure of the energy in the field
waveform.

Early meters often used an average detector.  The average detector assumes the field waveform is
essentially sinusoidal and applies a calibration factor to give an equivalent rms value.  If the
waveform is complex and has harmonics, an average detector can result in significant error.

Reading or settling times for most meters (except for waveform-capture meters) range from a few
tenths of a second to a few seconds.  This results in tens to hundreds of waveform cycles at the
power frequency to be sampled, thus minimizing error in the rms reading.  A few tenths of a
second is a practical limit on how fast one can sample using an rms chip to measure power-
frequency fields.  Faster meter readings are possible, but require a change in the fundamental way
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the waveform is measured.  Those meter readings of the field faster than every few tenths of a
second would require a complete waveform capture and then computation of the rms value of the
waveform for display or storage.  This method is limited by processing speed, storage speed, and
memory size.  A practical limit on the speed of the meter readings would be approximately once
every three or four waveform cycles.

A review of the effect of meter characteristics on resulting field measurements is provided in
Reference 6.  The discussion focuses on the impact that field harmonics and polarization have on
meter readings.

Electric Field

Most electric-field meters are of the free-body type ill ustrated in Figure 3-4.  These meters are
also known as split -body meters.  The name free-body refers to the fact that the meter must not
be grounded or near other objects.  Nearby objects will perturb the meter’s measurement of the
electric field.  The meter is generally supported by a dielectric rod or tripod.  It determines the
electric field due to the induced current flowing between two isolated surfaces.  The free-body
meter is self-contained, portable, and does not require a known ground reference.  Since the user
must be away from the meter to avoid perturbing the measurement, the meter is large enough to
read at a distance.
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Figure 3-4. Free-body electric-field meter.
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Figure 3-5. Ground reference electric-field meter.

A second method of determining the electric field is to measure the current induced on a surface,
as ill ustrated in Figure 3-5.  This “ground reference” method is often used in electric-field PE
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meters or for monitoring of the electric field at fixed locations such as near ground level under a
power line.

Standards and Guidelines

Some investigators have developed guidelines and standards to describe the performance and use
of the meters [1,2,3,4].  Others have compared various meters [7,8,9].  RAPID Engineering
Project #1 provides lists of the various instrument types [10] and discusses their performance;
RAPID Engineering Projects #1, #2, and #4 also discuss the relative merits of the instruments for
use in different measurement situations [10,11,12].

Instrumentation

Magnetic-field Instrumentation

The variety of magnetic-field meters for power-frequency-related measurements can be grouped
into four broad categories:

Survey meters Exposure meters

Recording meters Waveform recorders.

Survey Meters
A survey meter is usually hand-held and produces an rms reading of the field magnitude along
either a single axis or three orthogonal axes.  If three axes are measured, the resultant field (total
rms field) is often displayed alone or with the readings from the three individual axes.  A direct
determination of the harmonic field is usually not possible with most survey meters.  Some
meters may provide a measure of the third harmonic field, Total Harmonic Distortion (THD), or
allow switching between “narrow band” and “broad band” response or between “ flat” and
“ linear” frequency response in order to indicate whether harmonics are contributing to the field.
The frequency response of these meters generally ranges from a few hertz (to accommodate the
Swedish MPR II VDT measurement standard) to a kilohertz or less.

Recording Meters
A recording meter usually measures the rms field (either broad-band or narrow-band) along all
three axes, determines the resultant field, and periodically stores all or part of this information at
time-stamped intervals.  Additional information may also be recorded by the meter such as
spatial positioning (mapping data), current, or electric field, depending on various additional
equipment that may be connected to the recorder.  The data stored in the meter can be
downloaded to a computer for long-term storage, analysis, and plotting of spatial maps or time
histories.  These recorders are generally hand-held size or smaller and relatively easy to use.
They are often used as survey meters or exposure meters.

Some recording meters attach a distance-measuring wheel to allow spatial information to be
recorded, along with the field magnitude.  The meter can record the distance based on fixed
intervals of distance, where the measuring wheel is triggering the measurement recording, or on
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time intervals, where the meter records the field and distance traveled during fixed time intervals.
In either case, a slow steady pace results in better measurements.

Exposure Meters
Magnetic-field exposure meters are generally small devices, without a display, that are pocket-
sized or smaller.  As technology has developed, so has the sophistication of these exposure
meters.  Early versions used a simple accumulator with either a single sensing coil or three
orthogonal coils [13].  The device was essentially a dosimeter, providing information only on the
total “dose” of magnetic field in milli gauss-hours; thus, 1 hour at 100 mG provided the same
reading as 100 hours at 1 mG.  This information provides a simple TWA over the measurement
period.

Other versions of exposure meters assigned periodically measured field levels to appropriate bins
and stored the total count [14,15].  A recent variation of this method stores the statistics of the
measured field such as the mean, minimum, maximum, and standard deviation, as well as
assigning the field level to a bin [16].

Waveform Recorders
Waveform recorders are much more complex than recording magnetic-field meters.  Only a few
waveform recorders are available, and they vary in size and complexity.  Most waveform
recorders are now portable, with a hand-held sensor attached to a belt-pouch or backpack
containing the recording system.  Waveform recorders are broad-band devices.  Depending on
the device and sensors, the frequency range may be from approximately 10 Hz to 1000 Hz or
from DC to 3000 Hz.  Both single-axis and three-axis waveform recorders are available.

A three-axis waveform recorder allows easy determination of the polarization and orientation of
the magnetic field and its power-frequency harmonics.  If f luxgate magnetic-field sensors are
used, both the AC and DC magnetic field can be measured simultaneously, allowing the
orientation and temporal relation between the AC and DC magnetic field to be determined.
Information from additional sensors, such as electric field, current, voltage, and very low
frequency (VLF) and low frequency (LF) rms levels, can be recorded by some waveform capture
systems [17].

Waveform-capture systems collect a large volume of data for each wave capture.  The amount of
data can easily exceed several megabytes of information per day.  Storing, analyzing, displaying,
and interpreting the large volume of data can be diff icult.

Transients
Instruments to measure transient magnetic fields include a survey meter (peak increment of f ield
magnitude, ∆B; or peak rate of change of the field, dB/dt), an exposure meter (dB/dt above a
threshold), and a waveform-capture system [16,18].  Although the survey meter and exposure
assessment meter are portable, detailed information on the transient is not available.  Detailed
information on the transient is recorded with the waveform-capture system.  The system is large
and, although transportable, is intended for use at fixed locations.
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Electric-field Instrumentation

Survey Meter
Survey meters are generally single-axis free-body meters.  The free-body meter is easily affected
by nearby objects, including the user.  The presence of nearby objects and the reader must be
considered when taking measurements.  The meter is usually read at a distance and the
measurements recorded manually.

Free-Body Electric-field Meter: Fiber-optic Link
A fiber-optic link can be added to a free-body meter to allow its output to be recorded.  The free-
body sensor can also be connected to a waveform-capture system through a fiber-optic link,
allowing the electric-field waveform to be recorded.  Using a fiber-optic link allows the free-
body sensor to be small and the user distant so that the sensor can be used to measure the electric
fields in a variety of settings.  The electric field in exposure systems can be measured using a
fiber-optic free-body sensor.

Exposure Meter
PE meters for the electric field have been made.  An early version consisted of a small electric
plate mounted on the surface of the body.  A simple accumulator was used [19] to integrate the
electric-field exposure in volts/meter - seconds from which a TWA exposure could be calculated.
Other versions of the electric-field exposure meter store the accumulated time at various bins of
electric-field strengths [15] or the actual time history of f ield-strength bins [14].  A special sensor
jacket with recorder has also been used to measure the actual time history of electric-field
exposure [20].

Measurement Methods and Instrumentation Choice

The type of f ield instrumentation used for a particular set of measurements or study will depend
on the quantities that the investigator wishes to measure and the constraints imposed by the site
or study.  A discussion of the choice of instrumentation for measurement objectives is provided
in RAPID Engineering Projects #1, #2, and #4 [10,11,12].

A number of general and specific measurement protocols have been developed [1,4,17,21,22].
Measurement protocols have been developed by the RAPID engineering program for PE
assessment studies, for magnetic-field source identification, and for environment-specific settings
[10,11,12].  The choice of appropriate instrumentation for these measurements is described.

Instrumentation Implications

A variety of instruments are now available that are capable of measuring the magnitude of the
magnetic field in the range from approximately 0.1 mG to 1 G and to even higher levels, if
desired.  Many meters provide information on the magnitude of the field in the power-frequency
and harmonic range by providing separate readings of the field intensity at just the power
frequency and some other measure that includes the harmonic-field contribution, such as the
harmonic-field contribution between approximately 100 Hz and 1000 Hz, the harmonic-field
contribution for specific harmonics, or as the total power-frequency field and its harmonics.
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Information on the polarization of the magnetic field can be obtained by using two three-axis
meters simultaneously at the same location, but this is diff icult and is seldom done.  Detailed
frequency and polarization information is usually obtained by using a three-axis waveform-
capture system.

The frequency response of a meter may have a strong impact on the measured field if there are
harmonics present.  A meter with a broad-band linear response will give extra weight to a field,
depending on its frequency, while a broad-band meter with a flat response will measure fields at
all frequencies equally.  A narrow-band meter will not respond to any of the harmonic fields, and
will measure only the fundamental frequency.  The frequency response of a meter or at least its
identity should always be noted.  This has not always been done in measurement reports.

Much of the EMF instrumentation development has been driven by interest in measuring the
magnetic or electric field.  The measurement technology has developed as exposure studies were
occurring.  As a result, field data obtained in some early studies may not have the same quality or
accuracy as data in later studies.

Meters that work fine in a controlled test setting with a typical range of f ields may lose accuracy
at low fields or high fields.  As an example, the accuracy at fields below approximately 10 mG
for some simple single-axis magnetic-field sensors depended on the digital volt meter that was
used with them.  A Fluke digital volt meter used with the sensors was accurate for fields less than
a milli gauss, while some other volt meters would read only a half or a third of the actual field in
the 1-to-5 mG range.

Meters are sometimes used in environments where fields may exceed the measurement range, in
magnitude or frequency, of the instrument.  As a result, the fields may be either under-read or
ignored by the meter (or user).

External fields such as high electric fields or electromagnetic interference from hand-held
communication devices have been known to affect meters, resulting in high readings.
Motion of the meters in the Earth’s field can produce errors in the measurements.  The error
amount will depend on the rapidity of the movement and the low-frequency sensitivity of the
meter.  Meter readings during rapid walking or bouncing may be of concern.

Placement of magnetic-field meters near shielding, conductive, or ferromagnetic objects, or
unknown magnetic-field sources can affect the meter readings.  Early measurement protocols
may not have recognized this problem.

Measurements with a meter can be taken in many ways.  The protocol used for measurements can
be as significant as the meter characteristics on the resulting measured field.  As example, the
field for a house could be measured only at the front door or it could be measured at the center of
each room and then averaged.  The two measurement protocols might agree for some houses,
while for houses with significant current on their plumbing, the first method might yield only
1 mG, while the second method would yield 5 mG.
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Key Questions

1. What is being measured, and not measured, by the instrumentation and measurement
protocols in various settings?

2. What are the major limitations of present instrumentation and measurement technology
(accuracy, reliability, convenience, lack of reporting instrument characteristics, lack of
reporting measurement protocol)?

3. How can limitations and concerns with meters and measurement protocols be recognized?

4. Will t hese limitations and concerns have a significant effect on the overall conclusions of a
study?
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