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Introduction

(This introduction is not part of IEEE Std C95.1, 1999 Edition, IEEE Standard for Safety Levels with Respect to Human
Exposure to Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz.)

In 1960, the American Standards Association approved the initiation of the Radiation Hazards Standards
project under the co-sponsorship of the Department of the Navy and the IEEE.

Prior to 1988, C95 standards were developed by Accredited Standards Committee C95 (ASC C95), and sub-
mitted to ANSI for approval and issuance as ANSI C95 standards. Between 1988 and 1990, the committee
was converted to Standards Coordinating Committee 28 (SCC 28) under the sponsorship of the IEEE Stan-
dards Board. In accordance with policies of the IEEE, C95 standards will be issued and developed as IEEE
standards, as well as being submitted to ANSI for recognition.
The present scope of IEEE SCC 28 is the
“Development of standards for the safe use of electromagnetic energy in the range of 0 Hz to 300 GHz rel-
ative to the potential hazards of exposure of man, volatile materials, and explosive devices to such energy.
It is not intended to include infrared, visible, ultraviolet, or ionizing radiation. The committee will coordi-
nate with other committees whose scopes are contiguous with SCC 28.”
The IEEE SCC 28 is responsible for this standard. There are five subcommittees concerned with
1 Techniques, Procedures, and Instrumentation
I Terminology, Units of Measurements, and Hazard Communication
IIT  Safety Levels with Respect to Human Exposure, 0-3 kHz
IV Safety Levels with Respect to Human Exposure, 3 kHz—-300 GHz
\Y Safety Levels with Respect to Electro-Explosive Devices

Two standards, two guides, and three recommended practices have been issued. Current versions are

IEEE Std C95.1-1991 (Reaff 1997), IEEE Standard Safety Levels with Respect to Human Exposure to
Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz. (Replaces ANSI C95.1-1982.)

ANSI C95.2-1982 (Reaff 1988), American National Standard Radio Frequency Radiation Hazard Warning
Symbol.

IEEE Std C95.3-1991 (Reaff 1997), IEEE Recommended Practice for the Measurement of Potentially Haz-
ardous Electromagnetic Fields - RF and Microwave. (Replaces ANSI C95.3-1973 and ANSI C95.5-1981.)

ANSI C95.3-1973 (Reaff 1979), American National Standard Techniques and Instrumentation for the Mea-
surement of Potentially Hazardous Electromagnetic Fields—RF and Microwave.

ANSI C95.5-1981, American National Standard Recommended Practice for the Measurement of Hazardous
Electromagnetic Fields - RF and Microwave.

IEEE Std 1460-1996, IEEE Guide for the Measurement of Quasi-Static Magnetic and Electric Fields.

ANSI C95.4-1971, American National Standard Safety Guide for the Prevention of Radio-Frequency Radia-
tion Hazards in the Use of Electric Blasting Caps.
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Changes in the 1991 revision of C95.1 include an expanded frequency range, limits on induced body current
to prevent radio-frequency (RF) shock or burn, a relaxation of limits on exposure to magnetic fields at low
frequencies, and exposure limits and averaging time at high frequencies that are compatible at 300 GHz with
existing infrared maximum-permissible exposure (MPE) limits. Important improvements in rules for valid
measurement of electromagnetic fields have been introduced, and expanded rules for relaxing the exposure
limits for the case of partial body exposure have been developed. Also, a distinction is made between con-
trolled and uncontrolled environments relative to safe exposure limits.

IEEE C95.1-1991 prescribes MPEs to prevent biological injury from exposure to electromagnetic radiation.
Revisions of the original version of this standard (ANSI C95.1-1966) were made in 1974 and major revi-
sions of ANSI C95.1-1974 were made in 1982 to take into account the significant expansion of the database,
improvements in dosimetry, and the increasing number of people in the general population exposed to RF
fields. The changes in the standard included a wider frequency coverage, frequency dependence resulting
from the recognition of whole-body resonance and incorporation of dosimetry. In addition to those changes,
the present standard also includes a distinction between controlled and uncontrolled environments and
guidelines for partial-body and near-field exposures. Exposure limits in the uncontrolled environment are
lower than in the controlled environment under certain conditions, such as resonance, or when exposure is
complicated by associated hazards like RF shock or burn.

IEEE C95.1-1991 contains a detailed discussion of both the rationale and the limitations of the recom-
mended guidelines based on the present database.

IEEE C95.1-1991 was reaffirmed in 1997 and is now undergoing revision. Several issues approved by
SCC 28 for the next revision were deemed sufficiently important by the committee to warrant a supplement
before the entire revision is completed. IEEE C95.1a-1998 was approved as a supplement to IEEE C95.1-
1991. This supplement was incorporated into the text of IEEE C95.1-1991 to create IEEE C95.1, 1999 Edi-
tion. This edition modifies the induced and grasping-contact current limits specified in IEEE C95.1-1991,
specifies electric field strength below which induced and contact currents do not have to be determined,
modifies measurement distance requirements, and provides more precise definitions for spatial averaging,
averaging volume, and radiated power as applied to hand-held wireless devices.
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IEEE Standard for Safety Levels with
Respect to Human Exposure to Radio
Frequency Electromagnetic Fields,

3 kHz to 300 GHz

1. Overview

1.1 Scope

Recommendations are made to prevent harmful effects in human beings exposed to electromagnetic fields in
the frequency range from 3 kHz to 300 GHz. These recommendations are intended to apply to exposures in
controlled, as well as uncontrolled, environments. These recommendations are not intended to apply to the
purposeful exposure of patients by, or under the direction of, practitioners of the healing arts. The recom-
mendations at 300 GHz are compatible with existing recommendations on safe exposure in the infrared fre-
quency range (starting at 300 GHz). See ANSI Z136.1-1993 [B2].!

1.2 Purpose
This edition is meant to address certain ambiguities in IEEE Std C95.1-1991 and to reflect a more complete

understanding of the effects of currents induced in the body from exposure to radio frequency (RF) electro-
magnetic fields or from grasping conducting objects that are exposed to RF 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 C95.3-1991, IEEE Recommended Practice for the Measurement of Potentially Hazardous Electro-
magnetic Fields—RF and Microwave.”

IEEE Std 100-1996, IEEE Standard Dictionary of Electrical and Electronics Terms.

IThe numbers in brackets correspond to those of the bibliography in Annex A.

2[EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://www.standards.ieee.org/).
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3. Definitions

For the purposes of this standard, the following terms and definitions apply. IEEE Std 100-1996 should be
referenced for terms not defined in this clause.

3.1 average (temporal) power (Pavg): The time-averaged rate of energy transfer.

_ 1 2
Py = t2—t1ff1P(t)dt

where

P(?) is the instantaneous power,
t1 is the initial time,

1, is the final time of the interval over which P(¢) is averaged.

3.2 averaging time (7,,): The appropriate time period over which exposure is averaged for purposes of
determining compliance with a maximum permissible exposure (MPE). For exposure durations less than the
averaging time, the maximum exposure, MPE', in any time interval equal to the averaging time is found
from

T
MPE' = MPE< T—g)

exp!
where

Texp is the exposure duration in that interval expressed in the same units as T,,,. (Restrictions on peak
power density limit Ty ,.)

3.3 continuous exposure: Exposure for durations exceeding the corresponding averaging time. Exposure
for less than the averaging time is called short-term exposure.

3.4 controlled environment: Location where there is exposure that may be incurred by persons who are
aware of the potential for exposure as a concomitant of employment, by other cognizant persons, or as the
incidental result of transient passage through areas where analysis shows the exposure levels may be above
those shown in Table 2 but do not exceed those in Table 1, and where the induced currents may exceed the
values in Table 2, Part B, but do not exceed the values in Table 1, Part B

3.5 duty factor: The ratio of pulse duration to the pulse period of a periodic pulse train. A duty factor of 1.0
corresponds to continuous-wave (CW) operation.

3.6 electric field strength (E): A field vector quantity that represents the force (F) on a positive test charge
(g) at a point divided by the charge.

E=%
q

Electric field strength is expressed in units of volts per meter (V/m).

3The means for the identification of these areas is at the discretion of the operator of a source.

2 Copyright © 1999 IEEE. All rights reserved.
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3.7 energy density (electromagnetic field): The electromagnetic energy contained in an infinitesimal vol-
ume divided by that volume.

3.8 exposure: The subjection of a person to electric, magnetic, or electromagnetic fields or to contact cur-
rents other than those originating from physiological processes in the body and other natural phenomena.

3.9 exposure, partial-body: Exposure that results when RF fields are substantially nonuniform over the
body. Fields that are nonuniform over volumes comparable to the human body may occur due to highly
directional sources, standing-waves, re-radiating sources, or in the near field region of a radiating structure.
See RF “hot spot.”

3.10 far-field region: That region of the field of an antenna where the angular field distribution is essentially
independent of the distance from the antenna. In this region (also called the free space region), the field has a
predominantly plane-wave character, i.e., locally uniform distributions of electric field strength and mag-
netic field strength in planes transverse to the direction of propagation.

3.11 hertz (Hz): The unit for expressing frequency, f. One hertz equals one cycle per second.

3.12 magnetic field strength (H): A field vector that is equal to the magnetic flux density divided by the
permeability of the medium. Magnetic field strength is expressed in units of amperes per meter (A/m).

3.13 magnetic flux density (B): A field vector quantity that results in a force (F) that acts on a moving
charge or charges. The vector product of the velocity (v) at which an infinitesimal unit test charge, g, is mov-
ing with B, is the force that acts on the test charge divided by gq.

E o wxB)
q

Magnetic flux density is expressed in units of tesla (T). One tesla is equal to 10* gauss (G).

3.14 maximum permissible exposure (MPE): The rms and peak electric and magnetic field strengths, their
squares, or the plane-wave equivalent power densities associated with these fields and the induced and con-
tact currents to which a person may be exposed without harmful effect and with an acceptable safety factor.

3.15 mixed frequency fields: The superposition of two or more electromagnetic fields of differing fre-
quency.

3.16 near-field region: A region generally in proximity to an antenna or other radiating structure, in which
the electric and magnetic fields do not have a substantially plane-wave character, but vary considerably from
point to point. The near-field region is further subdivided into the reactive near-field region, which is closest
to the radiating structure and that contains most or nearly all of the stored energy, and the radiating near-field
region where the radiation field predominates over the reactive field, but lacks substantial plane-wave char-
acter and is complicated in structure.

NOTE —For most antennas, the outer boundary of the reactive near-field region is commonly taken to exist at a distance
of one-half wavelength from the antenna surface.

3.17 penetration depth: For a plane electromagnetic wave incident on the boundary of a medium, the dis-
tance from the boundary into the medium along the direction of propagation in the medium, at which the
field strengths of the wave have been reduced to 1/e (~36.8%) of the boundary values.

3.18 power density, average (temporal): The instantaneous power density integrated over a source repeti-
tion period.

Copyright © 1999 IEEE. All rights reserved. 3
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3.19 power density (S): Power per unit area normal to the direction of propagation, usually expressed in units
of watts per square meter (W/m?) or, for convenience, units such as milliwatts per square centimeter (mW/
cm?) or microwatts per square centimeter (uW/cmz). For plane waves, power density, electric field strength
(E), and magnetic field strength (H) are related by the impedance of free space, i.e., 377 Q. In particular,

2

2
= — = 377TH
S 377

where E and H are expressed in units of V/m and A/m, respectively, and S in units of W/m?. Although many
survey instruments indicate power density units, the actual quantities measured are E or E? or H or H”.

3.20 power density, peak: The maximum instantaneous power density occurring when power is transmitted.

3.21 power density, plane-wave equivalent: A commonly used term associated with any electromagnetic
wave, equal in magnitude to the power density of a plane wave having the same electric (E) or magnetic (H)
field strength.

3.22 pulse modulated field: An electromagnetic field produced by the amplitude modulation of a continu-
ous wave carrier by one or more pulses.

3.23 radio frequency (RF): A frequency that is useful for radio transmission.

NOTE — Although the RF spectrum is formally defined in terms of frequency as extending from 0 to 3000 GHz, for pur-
poses of this standard, the frequency range of interest is 3 kHz to 300 GHz.

3.24 re-radiated field: An electromagnetic field resulting from currents induced in a secondary, predomi-
nantly conducting, object by electromagnetic waves incident on that object from one or more primary radiat-
ing structures or antennas. Re-radiated fields are sometimes called “reflected” or more correctly “scattered
fields.” The scattering object is sometimes called a “re-radiator” or “secondary radiator.” See scattered radi-
ation.

3.25 RF “hot spot”: A highly localized area of relatively more intense radio-frequency radiation that mani-
fests itself in two principal ways:
a) The presence of intense electric or magnetic fields immediately adjacent to conductive objects that
are immersed in lower intensity ambient fields (often referred to as re-radiation), and

b) Localized areas, not necessarily immediately close to conductive objects, in which there exists a
concentration of radio-frequency fields caused by reflections and/or narrow beams produced by
high-gain radiating antennas or other highly directional sources. In both cases, the fields are charac-
terized by very rapid changes in field strength with distance.

RF hot spots are normally associated with very nonuniform exposure of the body (partial body exposure).
This is not to be confused with an actual thermal hot spot within the absorbing body.

3.26 root-mean-square (rms): The effective value, or the value associated with joule heating, of a periodic
electromagnetic wave. The rms value is obtained by taking the square root of the mean of the squared value

of a function.

3.27 scattered radiation: An electromagnetic field resulting from currents induced in a secondary, conduct-
ing or dielectric object by electromagnetic waves incident on that object from one or more primary sources.

3.28 short-term exposure: Exposure for durations less than the corresponding averaging time.
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3.29 spatial average: The root mean square of the field over an area equivalent to the vertical cross section
of the adult human body, as applied to the measurement of electric or magnetic fields in the assessment of
whole-body exposure. The spatial average is measured by scanning (with a suitable measurement probe) a
planar area equivalent to the area occupied by a standing adult human (projected area). In most instances, a
simple vertical, linear scan of the fields over a 2 meter height (approximately 6 feet), through the center of
the projected area, will be sufficient for determining compliance with the maximum permissible exposures
(MPEs).

3.30 specific absorption (SA): The quotient of the incremental energy (dW) absorbed by (dissipated in) an
incremental mass (dm) contained in a volume (dV) of a given density (p).

dw _ dw
A= — = ——
S dm  pdV

The specific absorption is expressed in units of joules per kilogram (J/kg).

3.31 specific absorption rate (SAR): The time derivative of the incremental energy (dW) absorbed by (dis-
sipated in) an incremental mass (dm) contained in a volume element (dV) of given density (p).

d(dw d/dw

AR = —| — = —| ——

S dt(dm) dt(pdV)

SAR is expressed in units of watts per kilogram (W/kg).

3.32 uncontrolled environment: Locations where there is the exposure of individuals who have no knowl-
edge or control of their exposure.

NOTE —The exposures may occur in living quarters or workplaces where there are no expectations that the exposure
levels may exceed those shown in Table 2 and where the induced currents do not exceed those in Table 2, Part B. Transi-
tory exposures are treated in 4.1.1.

3.33 wavelength (\): Of a monochromatic wave, the distance between two points of corresponding phase of
two consecutive cycles in the direction of propagation. The wavelength (A) of an electromagnetic wave is
related to the frequency (f) and velocity (v) by the expression v = fA. In free space the velocity of an electro-
magnetic wave is equal to the speed of light, i.e., approximately 3 x 108 mys.

4. Recommendations

4.1 Maximum permissible exposure (MPE)
4.1.1 MPE in controlled environments

For human exposure in controlled environments to electromagnetic energy at radio frequencies from 3 kHz
to 300 GHz, the MPE, in terms of rms electric (E) and magnetic (H) field strengths, the equivalent plane-
wave free-space power densities (S) and the induced currents (/) in the body that can be associated with
exposure to such fields or contact with objects exposed to such fields, is given in Table 1 as a function of fre-
quency. Exposure associated with a controlled environment includes exposure that may be incurred by per-
sons who are aware of the potential for exposure as a concomitant of employment, exposure of other
cognizant individuals, or exposure that is the incidental result of passage through areas where analysis shows
the exposure levels may be above those shown in Table 2, but do not exceed those in Table 1, and where the
induce(}L currents may exceed the values in Table 2, Part B, but do not exceed the values in Table 1,
Part B.
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Table 1—Maximum permissible exposure for controlled environments’

Part A: Electromagnetic fields'

Frequency range | Electric field strength Magnetic field Power density (S) Averaging time
(MHz) (E) (V/m) strength E-field, H-field IEIZ, IHI* or S
(H) (A/m) (mW/cm?) (min)
1 2 3 4 5
0.003-0.1 614 163 (100, 1 000 000)* 6
0.1-3.0 614 16.3/f (100, 10 000 / % 6
3-30 1842/f 163/f (900/£2, 10 000/ £2) 6
30-100 61.4 163/f (1.0, 10 000/ £2) 6
100-300 61.4 0.163 1.0 6
300-3000 — — £1300 6
3000-15 000 — — 10 6
15 000-300 000 — — 10 616 000 /f!2

Note—f'is the frequency in MHz.

“See Figure E.1 and Figure E.2 for graphical depictions of MPEs.
"The exposure values in terms of electric and magnetic field strengths are the mean values obtained by spatially averaging
the squares of the fields over an area equivalent to the vertical cross section of the human body (projected area).
These plane-wave equivalent power density values, although not appropriate for near-field conditions, are commonly used
as a convenient comparison with MPEs at higher frequencies and are displayed on some instruments in use.

Part B: Induced and contact radio frequency currents”

Frequency range Maximum current (mA)
(MHz) Contact
Through both feet Through each foot
0.003-0.1 2000 f 1000 f 1000 f
0.1-100 200 100 100

Note—fis the frequency in MHz.

“It should be noted that the current limits given above may not adequately protect against startle reactions and burns
caused by transient discharges when contacting an energized object. (See text for additional comment and see Figure
E.3 for a graphical depiction.)

a) In a controlled environment, access should be restricted to limit the rms RF body current (averaged

over the appropriate averaging time) as follows:

1) For freestanding individuals (no contact with metallic objects), RF current induced in the
human body, as measured through each foot, should not exceed the following values:

“The means for the identification of these areas is at the discretion of the operator of a source.
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b)

= 1000/ mA (for 0.003 < f< 0.1 MHz)

where

I is the average over any 1 second period,

f1is the frequency in MHz.

1 =100 mA (for 0.1 < <100 MHz) subject to a ceiling limit of 500 mA

where

2)

3)

1 is the rms current during any 6 minute period.

For conditions of possible contact with metallic bodies, where making or breaking the contact
does not result in any momentary spark discharge or high skin-surface current density causing
startle reaction, pain, burns, or other skin injury, maximum RF currents through an impedance
equivalent to that of the human body for conditions of grasping contact [see item (a) of 4.3] as
measured with a contact current meter shall not exceed the following values:

I =1000f mA (for 0.003 < f< 0.1 MHz)

where

I is the average over any 1 second period,
f1is the frequency in MHz.

1 =100 mA (for 0.1 < f< 100 MHz) subject to a ceiling limit of 500 mA

where 1 is the rms current during any 6 minute period.
| T
ETﬂI\ dt (f=100kHz, T=1s)
0

and

T 1

2

1= {% f12 dt} (f> 100 kHz, T = 360 s)
0

The means for complying with this current limit can be determined by the user of the MPE as

appropriate. The use of protective gloves, the prohibition of metallic objects, or training of

personnel may be sufficient to assure compliance with this aspect of the MPE in controlled
environments.

Induced current measurements are not required if the spatially averaged electric field strength
does not exceed the MPE at frequencies of 0.45 MHz or less and does not exceed the limits
shown in Figure E.6 at frequencies greater than 0.45 MHz.

The MPE:s refer to exposure values obtained by spatially averaging the squares of the fields over an
area equivalent to the vertical cross section of the human body (projected area). In the case of par-
tial-body exposure, the MPEs can be relaxed as described in 4.4. In nonuniform fields, spatial peak
values of field strengths may exceed the MPEs if the spatially averaged value remains within the
specified limits. The MPEs may also be relaxed by reference to SAR limits in 4.2.1 by appropriate
calculations or measurements.
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c)

d)

e)

g)

The MPE refers to values averaged over any 6 minute period for frequencies less than 15 GHz and
over shorter periods for higher frequencies down to 10 s at 300 GHz, as indicated in Table 1.

For near-field exposures at frequencies less than 300 MHz, the applicable MPE is in terms of rms
electric and magnetic field strength, as given in Table 1, columns 2 and 3. For convenience, the MPE
may be expressed as equivalent plane-wave power density, given in Table 1, column 4.

For mixed or broadband fields at a number of frequencies for which there are different values of the
MPE, the fraction of the MPE [in terms of E 2, H 2, or power density (S)] incurred within each fre-
quency interval should be determined and the sum of all such fractions should not exceed unity. See
Annex D for an example of how this is accomplished.

In a similar manner, for mixed or broadband induced currents at a number of frequencies for which
there are different values of the MPE, the fraction of the induced current limits (in terms of 2)
incurred within each frequency interval should be determined, and the sum of all such fractions
should not exceed unity.

For exposures to pulsed radio frequency fields, in the range of 0.1 to 300 000 MHz, the peak (tempo-
ral) value of the MPE in terms of E field is 100 kV/m.

For exposures to pulsed radio frequency fields of pulse durations less than 100 milliseconds and fre-
quencies in the range of 0.1 to 300 000 MHz, the MPE, in terms of peak power density for a single
pulse, is given by the MPE (Table 1, E-field equivalent power density) multiplied by the averaging
time in seconds and divided by 5 times the pulse width in seconds. That is

MPE x Avg Time (seconds)

Peak MPE =
ed 5 x Pulsewidth (seconds)

A maximum of five such pulses, with a pulse-repetition period of at least 100 ms, is permitted during
any period equal to the averaging time [see item (c) of 4.1.1]. If there are more than five pulses dur-
ing any period equal to the averaging time, or if the pulse durations are greater than 100 ms, normal
averaging-time calculations apply, except that during any 100 ms period, the energy density is lim-
ited per the above formula, viz

MPE x Avg Time (seconds)

SPeak MPE x Pulsewidth (seconds) = 5

4.1.2 MPE in uncontrolled environments

For human exposure in uncontrolled environments to electromagnetic energy at radio frequencies from
3 kHz to 300 GHz, the MPE, in terms of rms electric (E) and magnetic (H ) field strengths, the equivalent
plane-wave free-space power densities (S ) and the induced currents (/) in the body that can be associated
with exposure to such fields or contact with objects exposed to such fields are given in Table 2 as a function
of frequency.

Exposure associated with an uncontrolled environment is the exposure of individuals who have no knowl-
edge or control of their exposure. The exposure may occur in living quarters or workplaces where there are
no expectations that the exposure levels may exceed those shown in Table 2, and where the induced currents
do not exceed those in Table 2, Part B. Transitory exposures are treated in 4.1.1.
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Table 2—Maximum permissible exposure for uncontrolled environments’

Part A: Electromagnetic Fields"
Frequencyrange | Electric field strength Magnetic field strength Power density (S) Averaging time
(MHz) (E) (V/m) (H) (A/m) E-field, H-field IE2, S or IHP?
(mW/cm?) (min)
1 2 3 4 5
0.003-0.1 614 163 (100, 1 000 000)* 6 6
0.1-1.34 614 16.3/f (100, 10 000 /£y 6 6
1.34-3.0 823.8/f 16.3/f (180 /2,10 000/ £2) 2703 6
3.0-30 823.8/f 16.3/f (180 /12,10 000/f2) 30 6
30-100 275 158.3/f1:668 (0.2, 940 000/ f3-336 30 0.0636 £ 1337
100-300 27.5 0.0729 0.2 30 30
300-3000 — — £11500 30
3000-15 000 — — £/1500 90 000 /f
15 000-300 000 10 616 000/f2
NOTE —f is the frequency in MHz.

_*See Figure E.1 and Figure E.4 for graphical depictions of MPEs.
"The exposure values in terms of electric and magnetic field strengths are the mean values obtained by spatially averaging the squares

of the fields over an area equivalent to the vertical cross section of the human body (projected area).

*These plane-wave equivalent power density values, although not appropriate for near-field conditions, are commonly used as a conve-
nient comparison with MPEs at higher frequencies and are displayed on some instruments in use.

Part B: Induced and contact radio frequency currents”

Frequency range

Maximum current (mA)

Contact
MH
(MHz) Through both feet Through each foot
0.003-0.1 900 f 450 f 450 f
0.1-100 90 45 45

NOTE —fis the frequency in MHz.

“It should be noted that the current limits given above may not adequately protect against startle reactions and burns
caused by transient discharges when contacting an energized object. (See text for additional comment and see Figure

E.5 for a graphical depiction.)
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a) In uncontrolled environments, where individuals unfamiliar with the phenomenon of induced RF
currents may have access, it is recommended that precautions be taken to limit induced currents to
values not normally perceptible to individuals, as well as to prevent the possibility of RF burns.

1) For freestanding individuals (no contact with metallic objects), RF current induced in the
human body, as measured through each foot, should not exceed the following values:

I =450f mA (for 0.003 < f< 0.1 MHz)

where
I is the average over any 1 second period,

f1is the frequency in MHz.
1 =45 mA (for 0.1 < f< 100 MHz) subject to a ceiling limit of 220 mA
where I is the rms current during any 6 minute period.

2) For conditions of possible contact with metallic bodies, where making or breaking the contact
does not result in any momentary spark discharge or high skin-surface current density causing
startle reaction, pain, burns, or other skin injury, maximum RF currents through an impedance
equivalent to that of the human body for conditions of grasping contact [see item (a) of 4.3] as
measured with a contact current meter shall not exceed the following values:

I =450f mA (for 0.003 < f< 0.1 MHz)

where
I is the average over any 1 second period,

f1is the frequency in MHz.
1 =45 mA (for 0.1 < f< 100 MHz) subject to a ceiling limit of 220 mA

where I is the rms current during any 6 minute period.

T
S
= [l dt (f=< 100 kHz, T=1s)
0
and
1
- 1T 2
1= {T f12 dt} (f> 100 kHz, T = 360 s)
0

3) Induced current measurements are not required if the spatially averaged electric field strength
does not exceed the MPE at frequencies of 0.20 MHz or less and does not exceed the limits
shown in Figure E.7 at frequencies greater than 0.20 MHz.

b) The MPEs refer to exposure values obtained by spatially averaging the squares of the fields over an
area equivalent to the vertical cross section of the human body (projected area). In the case of par-
tial-body exposure, the limits can be relaxed, as described in 4.4. In nonuniform fields, spatial peak
values of field strengths may exceed the MPEs if the spatial average value remains within the speci-
fied limits. The MPEs may also be relaxed by reference to SAR limits in 4.2.1 by appropriate calcu-
lation or measurement.
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c)

d)

€)

g)

The MPE refers to values averaged over any 6 minute to 30 minute period for frequencies up to
3000 MHz, and over shorter periods for higher frequencies, down to 10 s at 300 GHz, as indicated in
Table 2.

For near-field exposures at frequencies less than 300 MHz, the applicable MPE is in terms of rms
electric and magnetic field strength, as given in Table 2, columns 2 and 3. For convenience, the MPE
may be expressed as equivalent plane-wave power density, given in Table 2, column 4.

For mixed or broadband fields at a number of frequencies for which there are different values of the
MPE, the fraction of the MPE [in terms of E 2, H 2, or power density (S )] incurred within each fre-
quency interval should be determined, and the sum of all such fractions should not exceed unity. See
Annex D for an example of how this is accomplished.

In a similar manner, for mixed or broadband induced currents at a number of frequencies for which
there are different values of the MPE, the fraction of the induced current limits (in terms of / 2)
incurred within each frequency interval should be determined, and the sum of all such fractions
should not exceed unity.

For exposures to pulsed radio frequency fields in the range of 0.1 to 300 000 MHz, the peak (tempo-
ral) value of the MPE, in terms of E field, is 100 kV/m.

For exposures to pulsed radio frequency fields of pulse durations less than 100 ms, and frequencies
in the range of 0.1 to 300 000 MHz, the MPE, in terms of peak power density for a single pulse, is
given by the MPE (Table 2, E-field equivalent power density), multiplied by the averaging time in
seconds, and divided by 5 times the pulse width in seconds. That is

MPE x Avg Time (seconds)
5 x Pulsewidth (seconds)

Peak MPE =

A maximum of five such pulses, with a pulse-repetition period of at least 100 ms, is permitted during
any period equal to the averaging time [see item (c)]. If there are more than five pulses during any
period equal to the averaging time, or if the pulse durations are greater than 100 ms, normal averag-
ing-time calculations apply, except that during any 100 ms period, the energy density is limited per
the above formula, viz

MPE x Avg Time (seconds)

XPeak MPE x Pulsewidth (seconds) = 5

4.2 Exclusions

4.2.1 Controlled environment

At frequencies between 100 kHz and 6 GHz, the MPE in controlled environments for electromagnetic field
strengths may be exceeded if

a)

b)

The exposure conditions can be shown, by appropriate techniques, to produce specific absorption
rates (SARs) below 0.4 W/kg as averaged over the whole-body and spatial peak SAR, not exceeding
8 W/kg as averaged over any 1 g of tissue (defined as a tissue volume in the shape of a cube), except
for the hands, wrists, feet and ankles where the spatial peak SAR shall not exceed 20 W/kg, as aver-
aged over any 10 g of tissue (defined as a tissue volume in the shape of a cube); and

The induced currents in the body conform with the MPE in Table 1, Part B.

Recognition must be given to regions of the body where a 1 or 10 cm? volume would contain a mass signifi-
cantly less than 1 or 10 g, respectively, because of enclosed voids (air). For these regions, the absorbed
power should be divided by the actual mass within that volume to obtain the spatial peak SARs.
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The SARs are averaged over any 6 minute interval. Above 6 GHz, the relaxation of the MPE under partial
body exposure conditions is permitted (see 4.4).

At frequencies between 0.003 and 0.1 MHz the SAR exclusion rule, stated above, does not apply. However,
the MPE in controlled environments can still be exceeded if it can be shown that the peak rms current den-
sity, as averaged over any 1 cm? area of tissue in 1 s does not exceed 35f mA/cm?, where fis the frequency in
MHz.

4.2.1.1 Low-power devices: controlled environment

This exclusion, consistent with the provision of 4.2.1, pertains to devices that emit RF energy under the con-
trol of an aware user. This exclusion addresses exposure of the user. For such devices, the exposure of other

persons in the immediate vicinity of the user will meet the exclusion criterion for the uncontrolled environ-
ment. (See 4.2.2.)

At frequencies between 100 kHz and 450 MHz, the MPE may be exceeded if the radiated power is 7 W or
less. In this subclause,radiated power means the power radiated into free space in the absence of any nearby
objects.

At frequencies between 450 and 1500 MHz, the MPE may be exceeded if the radiated power is 7(450 /f) W
or less where fis the frequency in MHz.

This exclusion does not apply to devices with the radiating structure maintained within 2.5 cm of the body.
4.2.2 Uncontrolled environments

At frequencies between 100 kHz and 6 GHz, the MPE in uncontrolled environments for electromagnetic
field strengths may be exceeded if

a)  The exposure conditions can be shown by appropriate techniques to produce SARs below 0.08 W/kg,
as averaged over the whole body, and spatial peak SAR values not exceeding 1.6 W/kg, as averaged
over any 1 g of tissue (defined as a tissue volume in the shape of a cube), except for the hands, wrists,
feet, and ankles where the spatial peak SAR shall not exceed 4 W/kg, as averaged over any 10 g of tis-
sue (defined as a tissue volume in the shape of a cube); and

b) The induced currents in the body conform with the MPE in Table 2, Part B.
Recognition must be given to regions of the body where a 1 or 10 cm? volume would contain a mass signifi-
cantly less than 1 or 10 g, respectively, because of enclosed voids (air). For these regions, the absorbed

power should be divided by the actual mass within that volume to obtain the spatial peak SARs.

The averaging time for SARs is as indicated in Table 2. Above 6 GHz, the relaxation of the MPE under par-
tial body exposure conditions is permitted (see 4.4).

At frequencies between 0.003 and 0.1 MHz, the SAR exclusion rule does not apply. However, the MPE in
uncontrolled environments can still be exceeded if it can be shown that the peak rms current density, as aver-
aged over any 1 cm? area of tissue in 1 s, does not exceed 15.7f mA/cm?, where f1is the frequency in MHz.

4.2.2.1 Low-power devices: uncontrolled environment

This exclusion, consistent with the provisions of 4.2.2, pertains to devices that emit RF energy without con-
trol or knowledge of the user.
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At frequencies between 100 kHz and 450 MHz, the MPE may be exceeded if the radiated power is 1.4 W or
less. In this subclause, radiated power means the power radiated into free space in the absence of any nearby
objects.

At frequencies between 450 and 1500 MHz, the MPE may be exceeded if the radiated power is 1.4(450/f) W
or less where fis the frequency in MHz.

This exclusion does not apply to devices with the radiating structure maintained within 2.5 cm of the body.

4.3 Measurements

a)  For both pulsed and non-pulsed fields at frequencies below 300 MHz, the power density, the square
of the field strengths and the SARs, as applicable, are averaged over any 6 minute or 30 minute
period. The time-averaged values should not exceed those given in Table 1, Part A and Table 2,
Part A, or the exclusions in 4.2. Note that the averaging time is a function of frequency above
15 GHz for a controlled environment and is a function of frequency between 1.34 and 3.0 MHz, and
above 3 GHz for an uncontrolled environment. (The averaging time is also a function of frequency
between 30 and 300 MHz for exposure to magnetic fields.)

In the case of induced currents, where RF shock or burn may be possible because of access to con-
ductive structures, a 6 minute or 30 minute averaging time is no longer valid, and, for purposes of
determining compliance with the recommended limits discussed in item (a) of 4.1.1 and item (a) of
4.1.2, the currents should be measured with an instrument having an averaging time no greater than
1 s. Induced body currents should be measured by determining the RF current flowing to ground
through the feet of the individual. Contact currents should be measured by determining the RF cur-
rent through the hand in contact with the ungrounded surface. The use of instrumentation that can
simulate the impedance of the human body at the frequency of the current may be used to assess the
maximum expected current that would flow if a person were to come into contact with an energized
object. (See Chatterjee et al. [B10] and Figure E.8.)

b)  Generally, for frequencies less than 300 MHz, both the electric and magnetic field strengths shall be
determined. For frequencies of 30 MHz or less, this can only be accomplished by independent mea-
surement of both the electric and magnetic field strengths; for frequencies between 30 and 300 MHz,
it may be possible, through analysis, to show that measurement of only one of the two fields, not
both, is sufficient for determining compliance with the MPE. For frequencies above 300 MHz, only
one field component need be measured (generally E).

c) Measurements to determine compliance with the recommended MPE of this standard shall be made
(with appropriate instruments) at distances of 5 cm from any generating device and its associated
attachments. Measurements shall be made no closer than 20 cm from re-radiating (passive or scatter-
ing) objects.

If determination of compliance with the recommended MPEs of this standard requires measure-
ments to be made at a distance of 5 cm from any generating device and its associated attachments,
both E- and H-field measurements may be necessary. If suitable instrumentation for such objects is
not available, compliance with the exclusion conditions of 4.2 is necessary. If measurements (with
appropriate instruments) at distances of 5 cm from any generating device and its associated attach-
ments are in compliance with the recommended MPE, the MPE may be exceeded at distances closer
than 5 cm from the radiating source. (See IEEE Std C95.3-1991.)

d)  Evaluation of induced RF currents will generally require a measurement unless the exposure situa-

tion is very simple or the E field can be shown to be no greater than the percent of the MPEs set forth
in item (a)(3) of 4.1.1 or item (a)(3) of 4.1.2, as appropriate.
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Induced currents may be measured by one or more of the following three methods:

1y

2)

3)

RF thermocouple-type ammeter measurements. These devices, employing thermocouple ele-
ments for the measurement of RF currents, offer true rms detection and may be inserted directly
in series with the conduction path for the current flow into the body, or exiting the body. While
simple in design and use, thermocouple type ammeters have very limited tolerance for overload
currents that can destroy the thermocouple element.

Voltage measurements. The induced current may also be determined by measuring the RF volt-
age developed across a noninductive resistor that is connected in series with the current path, as
in item (d)(1). Either a broadband type of voltmeter, suitable for the frequency of the current, or
a narrowband, tunable voltmeter in the form of a tuned receiver may be used to determine the
voltage. The current is determined from the relation

I=VIR
where
1 is the induced RF current (A),
V is the RF voltage drop across the resistor (V),
R is the impedance of the resistor (£2).

Various forms of circuits making use of this basic method may be used for purposes of
measuring the magnitude of the RF current flowing from the body to ground, including the use
of parallel plate electrodes connected with a resistive element upon which an individual may
stand. Commercial instruments with a flat frequency response between 3 kHz and 100 MHz are
beginning to become available for this purpose, as are instruments with shoe-insertable sensors
for personnel mobility.

RF current transformer (current probe) measurements. RF current transformers are of the
clamp-on type or the fixed window type. Either type may be used to measure the RF current
flowing in a conductor. The current transformer consists of a toroidally wound transformer in
which the current-carrying conductor is typically placed in the window of the device and acts as
the primary for the transformer. Current transformers may be used to determine the current
flowing in a parallel plate electrode arrangement, as described in item (d)(2), or in conjunction
with a conductive rod probe assembly to determine contact currents that might be experienced
by a person touching an object exposed to RF fields. Generally, the current transformer requires
some form of instrument to detect the output voltage from the transformer and subsequently,
the current that flows through the window of the transformer.

In each of the three methods, it may be possible to insert an impedance equivalent to the human body at the
frequency of interest that would permit a measurement of the induced current, without the current actually
flowing in the body until after the evaluation of its magnitude.

In any of these methods, caution shall be exercised in the selection of the exact device for the measurement,
since its frequency dependence will affect the measurement result. For example, thermocouple detectors
used in some RF ammeters exhibit variations in their response to different frequencies (commonly becoming
less efficient at higher frequencies), and current transformer performance characteristics are a compromise
between sensitivity and bandwidth.

The meters, associated circuitry, and methodology shall be appropriate for the particular frequency and the
meters shall have an averaging time no greater than 1 s. When it is desired to make an indirect measurement
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of the current that might actually flow in a human, use of an antenna or phantom model may prove helpful.
In this case, the phantom dipole moment, surface area, and contact impedance should be equivalent to those
of the simulated subject.

4.4 Relaxation of power density limits for partial body exposures

The following relaxation of power density limits is allowed for exposure of all parts of the body except the
eyes and the testes.

Compliance with the MPE of Tables 1 and 2 is determined from spatial averages of power density or the
mean squared electric and magnetic field strengths over an area equivalent to the vertical cross section of the
human body (projected area) at a distance no closer than 20 cm from any object. For exposures in controlled
environments, the peak value of the mean squared field strength should not exceed 20 times the square of the
allowed spatially averaged values (Table 1) at frequencies below 300 MHz, and should not exceed the equiv-
alent power density of 20 mW/cm? at frequencies between 300 MHz and 6 GHz, 20 ( f/6)1/ * mW/cm? at fre-
quencies between 6 and 96 GHz (fis in GHz), and 40 mW/cm? at frequencies above 96 GHz. Similarly, for
exposures in uncontrolled environments, the peak value of the mean squared field strengths should not
exceed 20 times the square of the allowed spatially averaged values (Table 2) at frequencies below 300 MHz,
or the equivalent power density of 4 mW/cm? for fbetween 300 MHz and 6 GHz, (f/1.5) mW/cm? for fre-
quencies between 6 GHz and 30 GHz (fis in GHz), and 20 mW/cm? at frequencies above 30 GHz. At fre-
quencies below 300 MHz, the equivalent maximum rms field strengths should not exceed 20 times the
maximum allowed spatially averaged values of E and H shown in Tables 1 and 2 (see 6.10). The relaxation
for partial-body exposure is summarized in Table 3.

Table 3—Relaxation for partial body exposures

Peak value of mean Equivalent power
Frequency (GHz) squared field density (mW/cmz)
0.0001 <f<0.3 <20E° or20H°"
Controlled 03<f=<6 <20
environment
6<f<96 <20 (fle)i4t
96 < f=300 40
0.0001 <£<0.3 <20E or20H°%
Uncontrolled 03<f=<6 4
environment
6<f<30 f1.5°
30 <f=300 20

“E and H are the spatially averaged values from Table 1.
Tf in GHz
*E and H are the spatially averaged values from Table 2.

5. Explanation

Exposure to electromagnetic fields in the resonance frequency range under consideration is but one of sev-
eral sources of energy input to the human body. The MPE in a controlled environment results in energy dep-
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osition, averaged over the entire body mass for any 6 minute period of about 144 J/kg or less. This is
equivalent to an SAR of about 0.40 W/kg or less, as spatially and temporally averaged over the entire body
mass.

Biological effects data that are applicable to humans for all possible combinations of frequency and modula-
tion do not exist. Therefore, this standard has been based on the best available interpretations of the extant
literature and is intended to prevent adverse effects on the functioning of the human body.

At low frequencies, the magnetic field limits have been relaxed relative to ANSI C95.1-1982 [B1]. An ana-
tomically realistic model (see Gandhi [B25]) of a human being has been used to show that the new limits
will ensure SARs less than one twentieth of those specified (i.e., 0.4 and 0.08 W/kg). This is still very con-
servative, but more realistic than the H-field limits in ANSI C95.1-1982 [B1].

The electric field limits at low frequencies in Table 1 are primarily dictated by the following two objectives:

— Limiting induced currents in the ankles during free-field exposure, and

— Lowering the probability of inducing large body currents when conducting objects are touched.

The limits on induced RF currents are based on two different considerations. First, in any environment, cur-
rents are limited to a level that prevents RF burns due to excessively high current densities in small areas of
tissue while the subject is free standing in high-strength fields and has contact with conductive objects in
which induced currents are flowing. This level, taken from Chatterjee et al. [B10], Lin [B49], and Rogers
[B54] is 100 mA, if measured through one foot, and 200 mA if measured through both feet. A value of
100 mA is applicable to contact situations, similar to a grasping contact with the hand. These currents will
not result in localized SARs in the extremities (e.g., ankles or wrists) that exceed 20 W/kg, but may be per-
ceived if protective clothing, such as insulated gloves, is not worn.

In controlled environments, various mitigative measures can be taken to reduce the probability of hazardous
conditions. Such measures may include the following:

— Protective gloves or clothing;

— Awareness programs so that individuals are alerted to the possible presence of induced currents in
conductive objects; and

— Specific work practices that lessen the probability of exposure.

Second, for frequencies between 0.003 and 0.1 MHz, the induced current in controlled environments is lim-
ited to reduce the probability of reactions caused by induced currents that exceed the perception threshold
for grasping contact with energized objects (see Chatterjee et al. [B9]). The perception threshold is fre-
quency dependent below 0.1 MHz and the limiting current is given by

I=1000f mA (for 0.003 < f< 0.1 MHz)

In uncontrolled environments, individuals will, in general, not be aware of the presence of induced currents
in various objects illuminated with RF fields. Inadvertent contact by an individual with such objects could
lead to burns or startle reactions that, while not hazardous per se, could lead to an accident. To reduce the
probability of such startle reactions,’ the contact current limit is based on laboratory data on perception of
currents at different frequencies in humans (see Chatterjee et al. [B9] and Dalziel and Mansfield [B14]).
These data indicate that perception thresholds, at any given frequency, depend on the type of contact made
with the conducting object; touching contact generally results in lower current perception thresholds than
grasping contact by a factor as great as ten. Accordingly, the current limits in Table 2 are based on grasping
contact and limit the current to 4.5 mA at 10 kHz. In the frequency range of 0.1 to 100 MHz, the current per-

SThis does not include the startle reaction associated with spark discharges.
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ception thresholds are related to the sensation of heating and become relatively constant with increasing fre-
quency. In this frequency range, the contact current is limited to 45 mA.

In some environments, the transient discharge phenomenon associated with initiating or breaking contact
with energized conductors can lead to easily perceived shock effects even though the steady-state current
flow, after complete contact is established, is within the limits prescribed in this standard. These effects are
more directly related to the energy contained in the transient discharge and, consequently, measures of the
open-circuit voltage and short-circuit current on the energized object may be better indicators of the poten-
tial for momentary shock effects. Data on such phenomena have not been sufficiently developed in the tech-
nical literature to permit quantitative limits on energy transfer that are related to perception thresholds.

CAUTION
Users of this standard are cautioned that such phenomena can exist and, when performing hazard assess-
ments, they should investigate the possibility of transient discharges that may be perceptible and even
cause startle reactions, but that result in steady-state currents that are within the guidelines.

Above 6.0 GHz, the exposure in human tissue is quasi-optical and the SAR exclusion rule does not apply.

At higher frequencies, above 15 GHz, it is known that penetration depth is much less than 1 cm and thermal
time constants drop to seconds as the infrared range is approached. Consequently, the MPE specifies contin-
uous functions for the field limits and averaging time as frequency increases to the upper limit of 300 GHz.

Below 0.1 MHz the SAR exclusion rule does not apply. Instead, limits on internal current density can substi-
tute as the basis for exclusion. These limits are based on the literature on electro-stimulation at low frequen-
cies (see Bernhardt [B8]).

Exclusion criteria (4.2) to the MPE can be used in relation to fields from low-power devices such as hand-
held, mobile, and marine radio transceivers. These devices may emit localized fields exceeding the MPE, but
will result in a significantly lower rate of energy absorption than the whole-body averaged SARs that are
allowed.

Exposures in excess of the MPEs are not necessarily harmful. However, in the absence of intended benefits
(e.g., medical or lifesaving procedures), exposures above the MPE are not recommended.

6. Rationale

American National Standards Institute (ANSI) policy requires that each of its standards or guides be
reviewed at 5-year intervals. At the time of expiration, the standard or guide may be reaffirmed, revised, or
rescinded in accordance with the consensus of the reviewing body. In 1982, extensive revisions of the earlier
standard were introduced into ANSI C95.1-1982 [B1] based on improved dosimetry that defined frequency-
dependent limits on fields and power density. The use of SAR as the basic dosimetric parameter permitted
the formation of exclusion rules. Since 1982, Subcommittee IV has met at least once, and usually twice,
annually to review a wide range of proposed refinements of ANSI C95.1-1982 [B1]. The decision to expand
the range of frequencies made it clear that quasi-static and quasi-optical considerations shall apply at the
lower and higher boundary regions of the frequency range. Therefore, the applicability of SAR consider-
ations was limited to the range from 0.1 MHz to 6.0 GHz, which includes the resonance range for human
beings. Below 0.1 MHz, the database on electro-stimulation of biological tissue plays the dominant role and
the primary dosimetric parameter is internal current density. Above 6.0 GHz, the exposures are quasi-optical,
and under these conditions, power density is the meaningful parameter.

In the broader resonance range, 0.1 MHz to 6.0 GHz, a primary question was the validity of the previously
adopted SAR criterion of 4 W/kg as a basis for standard setting. A total of 321 papers selected from the archi-
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val literature (Annex B) was reviewed for biological, engineering, and statistical validity (see 6.3). It was
agreed that only peer-reviewed reports of studies at SAR =< 10 W/kg, which had received favorable engineering
and biological validation, should be considered relevant to the assessment of risk from exposure to electro-
magnetic fields in the resonance range. The literature review was followed by extensive deliberations of the
Risk Assessment Working Group that was charged to reach agreement on an SAR at which potentially dele-
terious health effects are likely to occur in human beings. A majority of the Risk Assessment Working Group
agreed that the literature is still supportive of the 4 W/kg criterion. Further, the ANSI C95.1-1982 [B1] safety
factor of 10 was reaffirmed by Subcommittee IV, yielding an SAR of 0.4 W/kg as the working basis for the
MPE. The question then arose as to the need for two tiers of MPE (as adopted by NCRP [B51]) to distinguish
occupational vs. general public exposures.

To some, it would appear attractive and logical to apply a larger, or different, safety factor to arrive at the
guide for the general public. Supportive arguments claim subgroups of greater sensitivity (infants, the aged,
the ill, and the disabled), potentially greater exposure durations (24 hours/day vs. 8 hours/day), adverse envi-
ronmental conditions (excessive heat and/or humidity), voluntary vs. involuntary exposure, and psychologi-
cal/emotional factors that can range from anxiety to ignorance. Nonthermal effects, such as efflux of calcium
ions from brain tissues, are also mentioned as potential health hazards. The members of Subcommittee IV
believe the recommended exposure levels should be safe for all, and submit as support for this conclusion
the observation that no reliable scientific data exist indicating that

a)  Certain subgroups of the population are more at risk than others;
b)  Exposure duration at ANSI C95.1-1982 levels is a significant risk;
c¢) Damage from exposure to electromagnetic fields is cumulative; or

d) Nonthermal (other than shock) or modulation-specific sequelae of exposure may be meaningfully
related to human health.

No verified reports exist of injury to human beings or of adverse effects on the health of human beings who
have been exposed to electromagnetic fields within the limits of frequency and SAR specified by previous
ANSI standards, including ANSI C95.1-1982 [B1]. In the promulgation of revised guidelines, the responsi-
bility of the current Subcommittee IV is adherence to the scientific base of data in the determination of expo-
sure levels that will be safe not only for personnel in the working environment, but also for the public at
large. The important distinction is not the population type, but the nature of the exposure environment. When
exposure is in a controlled environment, the scientifically derived exposure limits apply. When exposure is in
an uncontrolled environment, however, an extra safety factor is applied under certain conditions; these
include, but are not limited to, the following:

— Exposure in the resonant frequency range, and

— Low-frequency exposure to electric fields where exposure is penetrating or complicated by associ-
ated hazards like RF shocks or burns induced by metal contacts.

As defined earlier, uncontrolled environments include the domicile and most places where the infirm, the
aged, and children are likely to be. It also includes the work environment where employees are not specifi-
cally involved in the operation or use of equipment that does or may radiate significant electromagnetic
energy and where there are no expectations that the exposure levels may exceed those shown in Table 2. On
the other hand, controlled environments may involve exposure of the general public as well as occupational
personnel, e.g., in passing through areas such as an observation platform near a transmitting tower where
analyses show the exposure may be above that shown in Table 2 but is below that in Table 1. Other exposure
conditions include that of the radio amateur who voluntarily and knowledgeably operates in a controlled RF
environment.

At frequencies below 3 MHz, the MPEs, in terms of magnetic fields, have been relaxed to more reasonably

correspond to whole-body SAR limits. On the other hand, the MPEs, in terms of E field, continue to be
capped below 3 MHz in order to limit the possibility of reactions (shocks or burns) at the surface of the body
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that might occur in E fields of high strength, especially under conditions of spatial and temporal field con-
centration.

In this standard, there are extensive modifications of the averaging time for determining permissible expo-
sure. At the upper frequencies, these rules agree with soundly based averaging times derived from optical
considerations. At the lower frequencies, new rules on induced currents have been introduced to prevent RF
shock or burn upon grasping contact with an object in an RF environment. These rules supplement the limits
on E- and H-field exposure.

This standard is thus an extension of ANSI C95.1-1982 [B1], and incorporates many refinements that will
serve to make the MPEs more useful in a greater variety of exposure situations. There remain areas, how-
ever, which the standard does not cover, e.g., the possible exposure of the body to transient spark-discharge
phenomena upon touching a large conducting object in an RF environment. Future research may provide the
database from which quantitative rules for preventing adverse effects from such discharges can be derived.

Research on the effects of chronic exposure and speculations on the biological significance of nonthermal
interactions have not yet resulted in any meaningful basis for alteration of the standard. It remains to be seen
what future research may produce for consideration at the time of the next revision of this standard.

6.1 Recognition of whole-body resonance

As is true of ANSI C95.1-1982 [B1], the MPE in this standard is based on recommendations of field
strengths or of plane-wave-equivalent power densities of incident fields, but these limits are based on well
established findings that the body, as a whole, exhibits frequency-dependent rates of absorbing electromag-
netic energy (see Barber [B6], Durney [B20], Durney et al. [B21], and Gandhi [B26]). Whole-body averaged
SARs approach maximal values when the long axis of a body is parallel to the E-field vector and is four
tenths of a wavelength of the incident field. Maximal absorption occurs at a frequency near 70 MHz for
Standard Man (height = 175 cm) and results in an approximate seven-fold increase of absorption relative to
that in a 2450 MHz field (see Durney [B22] and Gandhi et al. [B30]). In consideration of this dependency,
recommended MPEs of field strength have been reduced across the range of frequencies in which human
bodies from infants to large adults exhibit whole-body resonance. Above 6 GHz, the absorption is quasi-
optical and body resonance considerations do not apply.

6.2 Incorporation of dosimetry

Dosimetry is the fundamental process of measuring physical quantities of energy or substances that are
imparted to an absorbing body (see Hill and Walsh [B40] and Ho et al. [B41]). In 1972, The National Coun-
cil on Radiation Protection and Measurements (NCRP) convened Scientific Committee 39 to deliberate and
recommend dosimetric quantities and units applicable to electromagnetic fields (see NCRP [B52]). In keep-
ing with the NCRP recommendations, in 1982 the ANSI C95 Subcommittee IV adopted the unit-mass, time-
averaged rate of electromagnetic energy absorption, as specified in units of watts per kilogram (W/kg). The
quantity expressed by these units is termed the specific absorption rate (SAR).

Formally defined, the SAR is the time rate at which radio-frequency electromagnetic energy is imparted to
an element of mass of a biological body. The SAR is applicable to any tissue or organ of interest (that is, can
be applied to any macroscopic element of mass) or, as utilized in ANSI C95.1-1982 [B1], is expressed as a
whole-body average. Ideally, an anatomical distribution of SARs would be used explicitly to formulate a
guide in recognition that absorption of electromagnetic energy from even the most uniform field can result in
highly variable anatomical depositions of energy. It has been established (see Guy [B32], Guy et al. [B37],
and Guy et al. [B38]) through thermographic analyses of models of rats and man, and cadavers of rabbits,
that spatial peak SAR values can exceed a whole-body average value by more than a factor of 20. Compara-
ble findings have been reported (see Gandhi et al. [B30]). However, several factors preclude explicit use of
peak SAR, such as the following:
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— The availability of data on distributive SARs is limited; and

— SAR distributions are highly variable, since they depend on wavelength, polarization, and zone of the
incident field, as well as on the mass and momentary geometry of the biological body.

The number of the possible SAR distributions approaches infinity. It is recognized, however, that a whole-
body averaged SAR is the mean of a distribution, the high side of which is an envelope of electrical hotspots.
These range from the mean value to the peak value, and when integrated with localized SARs of less than
the mean value, are equal to the whole-body average. Moreover, for any given orientation of a given species
in a given field, the correlation between the magnitude of a whole-body averaged SAR and that of any lower
or higher part-body SAR approaches unity. That is, if the power density of an incident electromagnetic field
is increased, then the relative increase of the whole-body SAR will be directly proportional to the increase of
any part-body SAR. Because of the invariable presence of electrical hotspots in the irradiated body and the
inherent correlation between magnitudes of whole-body and part-body SARs, a biological effect induced by
a localized SAR that is well above the whole-body average will be reflected to some extent by that average.
The predictive utility of the correlation between part and whole has long served clinical and experimental
medicine in which a whole-body, unit-mass dosimetry underlies therapeutic administration of pharmacolog-
ical agents.

There are situations, however, where the implicit use of peak SAR provides a practical means for determin-
ing compliance with the MPEs. These situations correspond to exposure to nonuniform fields and partial
body exposures. For example, the MPEs in Tables 1 and 2 are based on uniform field exposure and limit the
whole-body averaged SAR, over the frequency range where SAR is meaningful (from approximately 3 MHz
to 6 GHz for E-field exposure), to 0.4 W/kg for exposures in controlled environments and 0.08 W/kg for
exposures in uncontrolled environments. As indicated above, implicit in these MPEs is the assumption that
the spatial peak SARs may exceed the whole-body averaged values by a factor of more than 20 times. Since
most exposures are not to uniform fields, a method has been derived, based on the demonstrated peak to
whole-body averaged SAR ratio of 20, for equating nonuniform field exposure and partial body exposure to
an equivalent uniform field exposure. This is used in this standard to allow relaxation of power density limits
for partial body exposure, except in the case of the eyes and the testes.

The equivalent uniform field is obtained from a spatial average of the actual exposure field over a projected
area equal to or greater than that of the exposed human. Measurements of the spatial average can be made
using standard off-the-shelf instruments and devices such as data loggers. However, some situations may
exist where the spatially averaged value of a nonuniform field complies with Tables 1 or 2, but the peak
value of the field corresponds to a partial-body exposure that could produce peak SARs exceeding 20 times
the maximum whole-body average value. Simple, partial-body exposure analyses have indicated that peak
SARs may be kept within desired limits if the peak mean-squared field strengths do not exceed 20 times the
maximum allowed spatial average values (Table 1) at frequencies below 300 MHz or the equivalent power
density of 20 mW/cm? at frequencies between 300 MHz and 6 GHz, 20 (f /6)"* mW/cm? for frequencies
between 6 GHz and 96 GHz (fis in GHz), and 40 mW/cm? at frequencies above 96 GHz for exposures in
controlled environments. Similarly, for exposures in uncontrolled environments, the peak value of the mean-
squared field strengths should not exceed 20 times the allowed spatial average values (Table 2) at frequen-
cies below 300 MHz, nor the equivalent power density of 4 mW/cm? at frequencies between 300 MHz and
6 GHz, (f/1.5) mW/cm? at frequencies between 6 and 30 GHz (fis in GHz), and 20 mW/cm? for frequen-
cies above 30 GHz (see Table 3). These analyses are based on the following two models:

a)  Exposure of a planar layer of tissue where the average SAR is calculated in 1 g of tissue in the shape
of a cube below the surface;

b) Exposure of a triple layered (fat-muscle-bone) cylindrical arm model with the E field both perpen-
dicular and parallel to the axis of the cylinder. (The results of the analyses where the E field is paral-
lel to the axis of the cylinder are valid only where the arm model is equal to or greater than one half
wavelength.) The overall results of these analyses support the recommended peak exposure values as
worst-case levels.
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The planar model was based on an analysis described in Johnson and Guy [B42], and the cylindrical models
were derived and discussed in Guy et al. [B34] and Ho et al. [B41].

The rules for relaxation of exposure limits for partial-body exposure do not apply for exposure of the eyes
and testes, but the SAR exclusion rules (see 4.2.1 and 4.2.2) can still be used to show conformance to the
standard, despite localized power density limits above the specified whole-body average.

6.3 Database

The literature on RF bioeffects comprises many thousands of papers on all aspects of the subject presented
in various scientific journals, reports, and symposia. From that large database, the Literature Surveillance
Working Group selected the initial list of 321 papers shown in Annex B (listed in alphabetical order by first
author) as representative of the current state of knowledge on the many RF bioeffects topics.

A prime criterion governing this first selection was peer review before publication. Presentations at recent
scientific symposia or abstracts thereof were excluded from consideration (with few exceptions) under the
assumption that either more complete, peer-reviewed accounts of such studies will appear subsequently or
will not be published at all (perhaps because the study was flawed or the investigators were not able to repro-
duce their results). Other selection criteria were publication date, with greater emphasis given to more recent
publications on each topic; possible significance of findings (positive or negative) to human health; and rele-
vance to concerns expressed by citizen groups. Although many of the selections were published after the
issuance of ANSI C95.1-1982 [B1], earlier papers regarded as seminal or of current interest were also
included. The list was based on a cut-off publication date of December 1985, with the proviso that later
papers would be added if their findings could significantly affect the MPEs. Several papers published after
1985 on shock and burn from electromagnetic fields and on peak power, per se, were added to the list.

The Subcommittee IV Working Groups on Engineering Validation and Biological Validation then used the
criteria described in 6.4 and 6.5 to assess the papers on the list. Those that fulfilled the acceptance criteria of
these two working groups were further evaluated by the Risk Assessment Working Group. (See Figure E.9
for a flow chart of the literature review process.) Annex C is the final list of 120 papers comprising the data
base for IEEE C95.1-1991.

6.4 Assessment criteria

The absorption and distribution of electromagnetic energy in the body are very complex phenomena that
depend on the mass, shape, and size of the body, the orientation of the body with respect to the field vectors,
and the electrical properties of both the body and the environment. Other variables that may play a substan-
tial role in possible biological effects are those that characterize the environment (e.g., ambient temperature,
air velocity, relative humidity, and body insulation) and those that characterize the individual (e.g., age, gen-
der, activity level, debilitation, or disease). Because innumerable factors may interact to determine the spe-
cific biological outcome of an exposure to electromagnetic fields, any protection guide shall consider
maximal amplification of biological effects as a result of field-body interactions, environmental conditions,
and physiological variables.

To assess positive reports of the biological effects of exposure to electromagnetic fields, Subcommittee IV
emphasized studies that had generated evidence of debilitation or morbidity during both chronic and acute
exposure. While it is generally agreed that measurements of the responses of human beings are the most per-
tinent to the establishment of guidelines for exposure to any noxious environment, few data of this type exist;
most human studies are epidemiological or clinical in nature. As was the case for ANSI C95.1-1982 [B1],
IEEE Subcommittee IV has had to turn to data collected on subhuman species, fully realizing that the small
mass, limited physiological capacity, and unusual body dimensions of most furred laboratory animals strongly
influence not only the SAR at any given frequency but also the character and magnitude of biological response.
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It is important to realize that not only is there an uncertainty inherent in measurements of the responses of ani-
mals, but extrapolation of these measurements to human beings may be difficult.

Despite the greatly expanded database since ANSI C95.1-1982 [B1], most reports of biological effects have
embodied acute exposures at relatively few frequencies. An extensive review of the literature revealed once
again that the most sensitive measures of potentially harmful biological effects were based on the disruption
of ongoing behavior associated with an increase of body temperature in the presence of electromagnetic
fields (see deLorge [B16], [B17], [B18]; and deLorge and Ezell [B19]). Because of the paucity of reliable
data on chronic exposures, IEEE Subcommittee IV focused on evidence of behavioral disruption under acute
exposures, even disruption of a transient and fully reversible nature. The disruption of a highly demanding
operant task is a statistically reliable endpoint that is associated with whole-body SARs in a narrow range
between 3.2 and 8.4 W/kg, despite considerable differences in carrier frequency (400 MHz to 5.8 GHz), spe-
cies (rodents to rhesus monkeys), and exposure parameters (near- and far-field, multipath and planewave,
CW- and pulse-modulated). In contrast, the time-averaged power densities associated with these thresholds
of disruption ranged (by calculation or measurement) from 8 to 140 mW/cm?.

During the assessment procedure, classifications of findings were made without prejudgment of mechanisms
of effects. Studies such as those indicating effects, in vitro, on cell function were considered transient and
reversible with no detrimental health effects. IEEE Subcommittee IV’s intent was to protect exposed human
beings from harm by any mechanism, including those arising from excessive elevations of body temperature.
After the list of relevant peer-reviewed papers had been compiled by the Literature Surveillance Working
Group (see 6.3), each report was evaluated in detail by the Engineering Validation and Biological Validation
Working Groups. Three subgroups constituted the Engineering Validation Working Group. These were
divided according to frequency as follows:

a) Below 3 MHz;
b) 3 to 300 MHz; and
¢) Above 300 MHz.

Fourteen subgroups constituted the Biological Validation Working Group, comprising scientists and experts
in the following disciplines:

— Behavior

— Biorhythms

— Cardiovasculature

— Central Nervous System

— Development and Teratology
— Endocrinology

— Visual Systems

—  Genetics

— Modulation (RF)

— Hematology-Immunology

— Metabolism-Thermoregulation
— Oncology

— Combined Effects

— Physiology

Only those reports with adequate dosimetry were judged acceptable. The relevance of each of these reports

to standards setting was evaluated, as were the scientific quality and originality of the data, reliability, and
evidence of adverse effects. The evaluation stressed thresholds of adverse effects and the extent to which the
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findings had been verified in independent investigations. Reports embodying questionable statistical meth-
ods were evaluated further by a Statistical Evaluation Working Group. The acceptable reports were then fun-
neled to the Risk Assessment Working Group for an evaluation of the implied risk for human beings.

A majority of the Risk Assessment Working Group agreed that the literature is still supportive of the 4 W/kg
criterion and that whole-body SARs below 4 W/kg were not associated with effects that demonstrably con-
stitute a hazard for humans. Because the threshold for disruption of ongoing behavior in nonhuman primates
always exceeded a whole-body SAR of 3.2 to 4 W/kg (see D’Andrea et al. [B15], deLorge [B16],
deLorge [B17], and deLorge and Ezell [B19]), the latter value has again been adopted as the working thresh-
old for unfavorable biological effects in human beings in the frequency range from 100 kHz to 300 GHz. In
terms of human metabolic heat production, 4 W/kg represents a moderate activity level (e.g., housecleaning
or driving a truck) and falls well within the normal range of human thermoregulation.

At frequencies between 3 kHz and 100 kHz other mechanisms, such as electro-stimulation of excitable cells,
become important. Since the SAR corresponding to thresholds for excitable cell stimulation decreases
almost directly as the square of frequency (from above 8 W/kg at 100 kHz to approximately 0.01 W/kg at
3 kHz), a constant SAR cannot be used as a basis for the guidelines below 100 kHz. The thresholds for these
biological effects have been quantified in terms of current density in Bernhardt [B8]. A peak current density
of 35.0f mA/cm? (where fis in MHz), is below the reported thresholds for cell stimulation. This limit is used
as the basis for the magnetic field guidelines and exclusions for controlled environments, described in Sec-
tion 5, for the 3 kHz to 100 kHz frequency range. Exclusions for the uncontrolled environment require a
lower peak current density limit of 15.7f for consistency with the larger safety factor employed for exposures
in that group.

6.5 Safety factors

The concept of a “safety factor” may be intuitively evident to all; yet, it deserves a closer examination. Con-
sidered literally, the expression “safety” (condition of being safe; freedom from danger or hazard) “factor”
(agent, contributor to effect, element when multiplied by another form a product) means the agent or multi-
plier producing freedom from hazard. The development of a safety factor presupposes the following:

—  The identification of the hazard; and

— The selection of the multiplier needed to produce freedom from the hazard.

In practice, the better the hazards involved are understood, the better the process. If, as in engineering prac-
tice, the phenomenon is catastrophic failure of a material or system under specified stress, and the failures
follow a defined distribution about an average value, then it is possible to define a factor applied to the mean
for which the probability of catastrophe is known with a specified degree of confidence. Biological hazards
commonly pose special difficulties to the formulation of safety factors. For some phenomena, such as ioniz-
ing radiation carcinogenesis, the majority view is that the proper form of the dose response curve is linear or
linear-quadratic through zero; hence, there is no safety factor at all. For some phenomena the threshold
concept may be accepted, but the distribution of responses is inadequately known to formulate a moderately
precise factor or margin of safety. The interested reader is referred to National Research Council [B13] for a
review that is both scholarly and pragmatic on the nature and use of inference guidelines for risk manage-
ment. Particularly noteworthy is the explicit recognition of the need to distinguish between “science” and
“science policy” in the formulation of guidelines.

One effect of lack of knowledge is to foster “conservative” assumptions. Not uncommonly, there may be lay-
ers, often unidentified, of such assumptions with each layer contributing to the approach to “safety.” This is
true for ANSI C.95.1-1982 [B1]. The previous standard explicitly invoked a safety factor of 10 on the thresh-
old of 4 W/kg whole-body average SAR, but incorporated numerous “conservative assumptions” or implicit
contributions toward “safety.” The list (not comprehensive) includes
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a)  The threshold selected itself (evidence of behavioral disruption) is not a defined hazard; rather it was
assumed that chronic exposure under such conditions constitutes a health hazard;

b) The direct extrapolation from animal to man, arguably, is a conservative assumption given the
demonstrably superior thermoregulation of man compared to the reference species;

c¢) The selection of the far-field, E-polarized “worst case” exposure as the reference condition (the SAR
decreases markedly for other polarizations); and

d) The incorporation in one contour of the resonance frequencies for all size humans (the SAR falls off
markedly for frequencies below resonance).

The collective impact of these “conservative” assumptions is to provide a degree of safety or freedom from
hazard for a given human over time and space much greater than is implied by the explicit safety factor of
10. In the context of human thermoregulation, the impact of exposure to 0.4 W/kg is practically indistin-
guishable from the impact of normal ambient temperature variation, exposure to the sun, exercise, etc. The
effect of items (c) and (d) above greatly reduces the likelihood that the exposure of a given human to the
fields permitted under the standard will produce a whole-body average SAR of 0.4 W/kg, except at that indi-
vidual’s resonant frequency, oriented for E-polarization in the far-field.

For this present revision, IEEE Subcommittee IV concluded that an additional safety factor is justified only
in an uncontrolled environment and then only for exposures that are penetrating or associated with compli-
cating factors like effects from contacting metal objects. At high frequencies where exposure is quasi-optical
or for exposure to low-frequency magnetic fields, where the safety factor is already very conservative, there
is no need for an extra safety factor, even in an uncontrolled environment.

In summary, the use of a safety factor presupposes the selection of a threshold for a hazard. The existing
MPE:s are based on the threshold for behavioral disruption with acute (short-term) exposures of experimental
animals. The threshold selected was 4 W/kg and the explicit safety factor of 10 or more was applied to obtain
a maximum permitted SAR (whole-body average) of 0.4 W/kg. In addition to this explicit safety factor, the
MPE contains multiple conservative assumptions that constitute implicit or hidden contributions to a less
precise but much greater margin of safety. An extra safety factor is justified only for some exposures in an
uncontrolled environment.

It is true that safety factor has a clear meaning only if the bioeffects of electromagnetic energy exhibit
thresholds. There is no scientific evidence that contradicts this basic assumption.

6.6 Measurement procedures

Exposure to RF radiation below 3 MHz, and particularly below 100 kHz, requires special consideration and
treatment. Practical experience has shown that prevention of electrical shock can be a significant safety con-
sideration. The principal concern arises from the induction of RF currents in conductive objects that are
immersed in ambient RF fields. These induced currents may flow through the body of an individual who
contacts them. The amount of current that will flow through the body of a person depends on how well the
individual is electrically grounded and the impedance between the current source and the individual (see
Gandhi and Chatterjee [B27] and Gandhi et al. [B29]). Low-frequency fields can cause potentially hazard-
ous electric currents to flow in capacitive objects such as vehicles, fencing, metal roofing, supporting metal-
lic cables like guy wires and other ungrounded conducting objects, including the human body, when these
objects become adequately grounded (see EPA [B24] and Gandhi and Chatterjee [B27]). RF exposures at
low frequencies, even at very low field strengths, can cause high values of electrically induced current to
flow from large conducting objects to a grounded individual. But, because of the very wide variety of con-
ducting objects in the environment and the diverse opportunities for humans to contact these objects, it is
impractical to specify numerical electromagnetic field strength limits that prevent all possible shock and RF
burn effects.
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The values of electric field strength given in Table 1 could produce a value of about 550—-610 mA to flow to
ground in a standing adult at 3 MHz. Such a current is significantly above the level of 100 mA normally
taken as the threshold for RF burns for small contact (current conduction) areas. Thus, while this standard
specifies maximum exposure field strengths, it is recommended that in those cases where such shock and
RF-burn conditions may exist, action should be taken to prevent their occurrence.

In particular, in conditions where the potential for RF burns exists, mitigation measures should be taken to
reduce the induced currents through each foot to below 100 mA for /> 0.1 MHz and below 1000f mA for
0.003 < f=< 0.1 MHz. Possible methods for reducing currents include restricting area access and reduction in
source power, shielding, and other engineering methods.

Generally, the requirement to measure both electric and magnetic fields below 300 MHz derives from a con-
sideration of the spatial variation in electric and magnetic field strengths commonly found in reflective envi-
ronments that produce standing-wave exposure fields. In reflective field environments, the two fields are
typically out of phase with one another; i.e., the electric and magnetic field strengths will not exhibit maxima
at the same point in space relative to the reflective surface. Where the electric field strength is at a peak
value, the magnetic field strength may be at a relative minimum value, and vice versa. If the maximum value
of a given field parameter determined over the volume of space occupied by the body is used in determining
compliance with the MPE, it is important to verify that a true maximum in the given field parameter has been
measured. For example, at very high frequencies, with wavelengths of approximately a meter and the fields
originating from an elevated antenna, the ground reflected fields will oscillate through successive maxima
and minima (spaced apart by one-half wavelength) as a function of height above ground.

In this case, it will be found that the plane-wave equivalent power densities, based on the peak electric and
magnetic fields, are comparable to one another, even though they occur at different points above the ground
plane (see EPA [B24]). Where measurements of only one of the field parameters are to be made, for example
the electric field strength, because of the relatively short wavelength compared with the size of the human
body, this single measurement would be sufficient to assure that both fields are within the recommended lim-
its over the space that might normally be accessible. As the frequency of the exposure field decreases and the
wavelength increases, the distance between the standing wave field maxima will correspondingly increase.
At some point, this distance will exceed the range accessible to an individual performing the RF field mea-
surement. Consequently, verifying that one has measured a peak in one of the reflected field distributions
will become impossible under normal conditions; i.e., the peak in the field will occur at a height above
ground or a distance away from the exposure area that cannot be readily reached. When this is the case, it is
possible that while one field component may have relatively low field strength, the other component may
possess a relatively high field strength. Should measurements be made of only one of the field components,
and this component was of lower strength and within the MPE limits, and its spatial peak could not be veri-
fied because of its unreachable location, it is possible that the unmeasured field component might, in fact, be
in excess of the MPE. Clearly, at low frequencies, below approximately 30 MHz (wavelength of 10 m), mea-
surement of only one field component could lead to erroneous conclusions as to compliance with the MPE.
Accordingly, below 30 MHz, both electric and magnetic fields shall be determined to evaluate compliance of
exposure fields with the MPE. Between 30 and 300 MHz it may be possible through analyses to show that
measurement of only one of the two fields is sufficient to determine compliance with the MPEs.

In exposure situations where the distribution of field strengths or plane-wave equivalent power densities is
substantially nonuniform over the body (partial-body exposure), for frequencies less than 300 MHz, compli-
ance with the MPE field limits may be determined by a spatial average of the exposure fields over the plane
occupied by the body but in the absence of the body, where feasible. Nonuniform fields are commonly
encountered in reflective conditions such as standing wave fields produced by reflection of fields from the
earth or other reflective surfaces. Averaging may be accomplished through the use of real-time data-logging
equipment (see Tell [B58]), or via manually obtained point measurements.

For practical measures of compliance with the standard, the average of a series of ten field strength measure-
ments performed in a vertical line with uniform spacing starting at ground level up to a height of 2 m shall be
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deemed sufficient. In practice, this means that field strength measurements shall be made at heights above
ground separated by 20 cm. Additional field strength data, for example, as obtained through the use of data-
logging or spatial averaging equipment, obtained at smaller spacings than 20 cm, are acceptable and will
provide more detail on the spatial distribution of the fields.

The concept of spatial averaging of field strengths is based on the finding that whole-body SARs are related
more to the average field strength over the body dimensions than to the peak value at one specific point (see
Chatterjee et al. [B9]). Although it is recognized that additional research is needed to more accurately relate
nonuniform field exposures to SARs, the assumption that the whole-body SAR in an individual exposed to
nonuniform RF fields is related to the peak value of fields is unnecessarily conservative.

When the wavelength becomes sufficiently small, it is possible that electromagnetic fields can become rela-
tively focused over areas that are small compared to the body dimensions. This is obvious for microwave fre-
quencies above a few GHz. In this case, limited areas of the body could be exposed to very high power
densities, resulting in inadvisable temperature elevations, while the average exposure for the body as a
whole might be well within the MPE limits (see 6.2).

Measurements to determine adherence to the recommended MPEs should take into account the fact that sev-
eral factors influence the response of measurement probes to the field which exists at any given point in
space. These factors include the following:

— Variation of probe impedance with proximity to nearby reflective surfaces;
— Capacitive coupling between the probe and the field source; and

— Nonuniform illumination of the sensing elements that make up the probe (e.g., the three orthogonal
elements that comprise an isotropic, broadband electric field probe). (See Herman and Witters
[B39], Rudge and Knox [B55], Schaubert et al. [B56], and Smith [B57].)

The influence of each of these factors, which can result in erroneous measurements of field strengths, can be
eliminated by maintaining an adequate separation distance between the probe elements and the field source.
Accordingly, measurements should be made at a distance equal to three probe-diameters between the surface
of the nearest probe element and any object or 20 cm, whichever is greater.

In the performance of measurements for determining compliance with the MPE, it is not uncommon to
encounter RF hot spots. RF hot spots usually exhibit locally enhanced field conditions near to (within a few
probe diameters of) RF sources, conductive surfaces, or objects that act as parasitic sources. The associated
electric and/or magnetic fields vary extremely rapidly in radial directions away from the source over dimen-
sions equal to a few probe diameters. Although these highly localized fields can often be extremely intense,
their capacity to cause high SARs in tissue is usually significantly reduced when compared to plane waves
having the same intensity (see Balzano [B3] and Belden and Bergeron [B7]). One way of viewing this is to
consider the total RF energy that is available in the incident fields if the re-radiating object were not there. In
general, the re-radiated fields cannot contain more energy than was contained in the incident fields (see
Tell [B59]). Obviously, large focusing surfaces could conceivably collect sufficient amounts of incident
energy to produce a concentration at a specific point, but this generally occurs only in the microwave fre-
quency range.

SARs that are smaller than might be expected on the basis of the local field strength are partially a function
of the field impedances normally associated with hot spots (see Lin et al. [B50]). For example, very high
impedance fields (i.e., high values of E/H ) cannot deliver RF energy to nearby absorptive tissues as effec-
tively as lower field impedances. Thus, in these near-field situations involving RF fields with ratios of E to H
that are significantly different from plane waves (E/H = 377 Q), assessment of the resulting SARs in exposed
tissues is complicated by the fact that our present state of knowledge does not permit accurately relating
such fields to SAR. The determination of this SAR requires either internal field measurements in the tissue
(see Olsen and Griner [B53]) or a thermographic method, neither of which is currently practical for humans,

26 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

or the measurement of induced tissue-currents that may be related to local SARs through knowledge of tis-
sue geometries and electrical parameters.

Contact currents associated with individuals contacting objects that are exposed to ambient RF fields have
been investigated (see Rogers [B54]). A common finding is that conductive objects, when immersed in rela-
tively weak ambient RF fields with strengths less than the applicable MPE, can exhibit locally strong surface
fields that may exceed the MPE in the immediate region of the surface of the object. While these surface
fields might imply that the MPE is exceeded, measurements of the contact currents that result when touching
the object can often be used to determine local SARSs in the tissue that are less than the SAR limits inherent
to the MPE. Thus, high-strength surface fields common to re-radiating objects do not always imply that the
MPE SAR limits are exceeded.

6.7 Shock and burn hazards

Shock and burn hazards from electric field exposures are mitigated by imposing limits on the magnitude of
the rms current (averaged over a 1 second period) allowed to flow from an exposed subject to ground or a
conducting object. Maximum current limits are preferable to electric field limits for preventing shocks and
burns, since maximum induced current levels are a function of the size, shape, and impedance to ground of
the contacted object, as well as the uniformity of the exposure field, presence of nearby objects, and type of
footwear and clothing worn by the exposed subject.

The current limits specified in Table 1, Part B, and Table 2, Part B, and current density limits for the basis of
the exclusions in 4.2, have been set below the threshold for shock perception and nerve stimulation in the
exposed subject. The current density limits for the uncontrolled environment are reduced to account for the
increase in the safety factor adopted for those conditions. The specified limits are also below thresholds for
the production of burns from direct contact with metal objects. It should be noted, however, that the specified
levels of current provide protection from shock or burn only under conditions of direct contact and do not
protect against spark discharge phenomena associated with making or breaking contact with conducting
objects. The perception threshold of spark discharge is a complicated function of many variables. These
include frequency, induced open-circuit voltage and capacitance between the conducting object and exposed
person, temperature, speed of making or breaking contact, bodily location where contact is made, and other
variables. Although much quantitative research has helped to solve this problem for 60 Hz electric field
exposures, insufficient archival data exist to formulate MPEs for exposures at other frequencies.

6.8 Averaging time

Averaging time is the appropriate time period over which exposure (IE?, \HP?, or S) is averaged, for the pur-
pose of determining compliance with the standard. Because the present revision of the standard introduces
many refinements, it is necessary to permit averaging time, as well as the limits on E, H, or S, to be fre-
quency-dependent. This permits the transition from values of minutes for averaging time in the resonance
range, to values of seconds for the averaging time suitable at infrared frequencies. This transition appropri-
ately reflects the frequency-dependent change in thermal time constant that characterizes the heating of the
whole or part of the human body by exposure to radio frequency energy. At low frequencies, frequency-
dependence in averaging time is used to permit a continuous transition between an MPE that is identical for
controlled and uncontrolled environments (below 1.34 MHz), to the existence of two different MPEs in the
resonance range. Here, the lower MPEs for the uncontrolled environment are tempered by a longer averag-
ing time to allow for transient exposures. The rules always insure, however, that the SA in an uncontrolled
environment will be less than or equal to the corresponding SA permitted in a controlled environment, even
in the transition range where either or both of the field limits and averaging time are frequency dependent.

The reduction of the averaging time with increasing frequency precludes high SARs for short periods (sec-

onds) in decreasingly thin layers of skin and subcutaneous tissue that otherwise could result in skin burns.
Since the penetration depth at frequencies above 30 GHz is similar to that at visible and near infrared wave-
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lengths, the literature for skin burn thresholds for optical radiation is expected to be applicable. Thus, the
averaging time (10 s) and MPE (10 mW/cm?), at 300 GHz, are consistent with the averaging time and MPE,
at a wavelength of 1 mm, specified in ANSI Z136.1-1993 [B2]. These MPEs are derived from the biological
database for skin burns and apply to irradiation of large areas (greater than 1000 cm?).

In uncontrolled environments, the appropriate averaging time for exposure to electric fields (Table 2) is 0.5 h
(30 min) for frequencies between 3 MHz and 3 GHz. For frequencies between 15 and 300 GHz, the appro-
priate averaging time is given by the formula 7, = 616 000/f 12 where fis the frequency in MHz. Between
3 and 15 GHz the averaging time follows the function 7,,, = 90 000/f. The increased averaging time
addresses typical expected transient exposures to E fields in uncontrolled environments. Since the MPE in
Table 2 is 1/5 of the MPE in Table 1, the maximum SA over the averaging time of each MPE is the same for
E field exposures. For exposure times less than the averaging time in Table 1, the two MPEs are identical.
Below 1.34 MHz, the averaging time is the same (6 minutes) for either a controlled or uncontrolled
environment.

For exposures to low-frequency magnetic fields where the limits are the same for both controlled and uncon-
trolled environments, the averaging time is the same, i.e., 6 min. However, the averaging time changes to 30
min above the transition region 30—100 MHz. Above 100 MHz, power density becomes a meaningful expo-
sure parameter and the associated E- and H-field limits must be consistent with plane-wave equivalence.
Below 30 MHz, however, E- and H-field exposures can occur separately, and the respective MPEs follow
different rules of frequency dependence because of the important difference in the nature of potential bioef-
fects. H fields heat biologic tissue and induce internal currents less effectively than E fields.

The application of the MPEs at low frequencies assures that induced currents are prevented or limited by
measures other than imposition of field limits. Since the time averaging of induced currents is over a period
of 1 s, the likelihood of permitted exposures to E or H fields greatly exceeding the long-term limits is small
and restricted to special situations.

6.9 Peak power exposure

Peak power limits are provided to prevent unintentionally high exposure and to preclude high SA for
decreasingly short widths of RF pulses. For some time, it has been recognized that the lack of such consider-
ation in the standard has allowed the peak power density to rise arbitrarily, as long as average power density
met the standard.

Furthermore, under exposure to pulsed fields it is advisable to be conservative in view of some uncertainty
about the value of spatial peak SAR, which could be over twenty times the spatially averaged SAR. Under
pulsed conditions (less than 100 ms pulses), the allowable MPE as averaged over any 100 ms is reduced by a
factor of five times.

For a single pulse, this is equivalent to reducing the maximum permissible peak power density by a factor of
five times below the value that normal time averaging would permit. A maximum of five such pulses are per-
mitted during any period equal to the averaging time. If there are more than five pulses in any period equal to
the averaging time, normal time-averaging will further reduce the permissible peak power density.

The limits on peak power are the values obtained by consideration of a well-established scientific base of
data that includes the auditory effect in humans and radio-frequency energy-induced unconsciousness in rats
(see Chou et al. [B11]; Guy and Chou [B33]; Guy et al. [B36]; Lin [B45], [B46], [B47], [B48], and [B49]).
The limit on SA associated with the reduced averaging time [see item (g) of 4.1.1 and item (g) of 4.1.2] is
conservative relative to RF-induced unconsciousness and is well above the threshold for auditory effect. The
latter is clearly not deleterious. For example, in the microwave range for exposures to a single pulse, the SA
over any 6 minute period is limited to 28.8 J/kg (spatial average) and 576 J/kg (spatial peak), assuming a
ratio of twenty to one between peak and average.
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For low frequencies and short pulses, the more conservative limit of 100 kV/m [see item (f) of 4.1.1] takes
precedence over the SA limit [see item (g) of 4.1.1]. For high frequencies and longer pulses, the SA limit
[see item (g) of 4.1.1] is more conservative than the 100 kV/m limit [see item (f ) of 4.1.1]. The recommen-
dation for a peak E-field limit of 100 kV/m is based on the necessity to cap the allowable field below levels
at which air breakdown or spark discharges occur. The level chosen is ultraconservative in this regard, and
represents an absorbed energy that is also more conservative than the continuous-wave limit over pulse
lengths for which it is intended. This conservatism is prudent in light of the relative sparseness of studies for
very short high-intensity exposures. Such studies as do exist are reassuring that this level is indeed far below
the threshold for adverse effects.

6.10 Exclusions and relaxation of limits for partial body exposure

Under certain conditions, the only practical way to cope with the problems of exposures to nonuniform fields
and low-power devices is by means of exclusion clauses that allow the local incident field strengths (and the
plane-wave equivalent power density, where applicable) to exceed the general MPE.

The exclusions are based on the following considerations:

— The general provisions of the standard should not be violated. The whole-body averaged SAR during
localized exposure should be limited to 0.4 and 0.08 W/kg for, respectively, controlled and uncon-
trolled environments. Previous studies have shown that peak SARs in a biological body can be 10 to
20 times higher than the average SAR (see Guy et al. [B35]). If the peak value of the mean-squared
field strengths and the equivalent power densities are in accordance with the provision of 4.4, then
the general provisions of the MPE will not be violated under conditions of partial body exposure or
exposure to nonuniform fields.

— Laboratory studies have shown that it is unlikely for devices such as low-power hand-held radios
(where the radiating structure is not maintained 2.5 cm or less from the body) to expose the user in
excess of the exclusion criterion for the controlled environment (see 4.2.1), or other persons in the
immediate vicinity of the user in excess of the criterion for the uncontrolled environment (see 4.2.2),
if the radiated power is 7 W or less at frequencies between 100 kHz and 450 MHz, and 7(450/f) W or
less at frequencies between 450 and 1500 MHz (see Balzano et al. [B4], Balzano [B5], and Cleve-
land and Athey [B12]). Further, these studies have also shown that similar devices will not expose
the user in excess of the exclusion criterion for the uncontrolled environment (see 4.2.2) if the radi-
ated power is 1.4 W or less at frequencies between 100 kHz and 450 MHz, and 1.4(450/f) W or less
at frequencies between 450 and 1500 MHz.

Therefore, these exclusions have been included in this standard to allow the pertinent MPE to be exceeded if
it can be shown that

— The SAR averaged over the whole body and over the appropriate averaging time does not exceed
0.4 W/kg and 0.08 W/kg for, respectively, exposure in controlled and uncontrolled environments;
and

— The spatial peak value of the SAR averaged over any 1 g of tissue (defined as a tissue volume in the
shape of a cube) and over the appropriate averaging time does not exceed 8 W/kg (controlled envi-
ronment) or 1.6 W/kg (uncontrolled environment) in the body, and over any 10 g of tissue (defined
as a tissue volume in the shape of a cube) and over the appropriate averaging time does not exceed
20 W/kg (controlled environment) or 4 W/kg (uncontrolled environment) in wrists, ankles, hands
and feet. The 20 W/kg limit for the wrists and ankles allows higher absorptions in the soft tissues
produced by the induced currents specified in Table 1 flowing in these bony, narrow cross-sectional
areas. Considerations that mitigate these higher permitted local SARs include relatively high sur-
face-to-volume ratios for these parts of the body, the common experience of relatively large temper-
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ature excursions of these parts that normally occur without apparent adverse effects, and the lack of
critical function when compared to vital organs.

It is also recognized that, in some cases, it may be difficult to determine whether a particular RF exposure
would meet these absorption criteria, and, therefore, could be done only in a laboratory setting or by an
appropriate scientific body. In many cases, however, the determination could be made with an appropriate
source material, e.g., dosimetry handbooks (see Durney et al. [B22]). Detailed measurements of the field dis-
tribution over the volume of the human body and spatial averaging over the same volume could, in some
instances, be used to verify compliance with the relaxation of limits for partial-body exposure. In the case of
the eyes and testes, direct relaxation of power density limits is not permitted. However, the SAR exclusion
rules still apply.

30 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Annex A
(informative)
Bibliography

[B1] ANSI C95.1-1982, American National Standard Safety Levels With Respect to Human Exposure to
Radio Frequency Electromagnetic Fields, 300 kHz to 100 GHz.

[B2] ANSI Z136.1-1993, American National Standard for the Safe Use of Lasers.’

[B3] Balzano, Q., O. Garay, and P. R. Steel, “Energy Deposition in Biological Tissue Near Radio Transmit-
ters at VHF and UHF,” Conference Record of the 27th Annual Conference, IEEE Vehicular Technology
Group, Orlando, FL, pp. 25-39, 1977.

[B4] Balzano, Q., O. Garay, and P. R. Steel, “Energy Deposition in Simulated Human Operators of 800 MHz
Portable Transmitters,” IEEE Transactions of Vehicular Technology, 277(4), pp. 174-181, 1978.

[B5] Balzano, Q., “The Near Field of Portable and Mobile Transmitters and the Exposure of Users,” Motor-
ola Report (Contact: Dr. Quirino Balzano, Motorola, Inc., Room 2107, 8000 W. Sunrise Blvd., Plantation,
Florida 33322), 1989.

[B6] Barber, P. W., “Electromagnetic Power Absorption in Prolate Spheroidal Models of Man and Animals,”
IEEE Transactions on Biomedical Engineering, vol. 24, pp. 513-521, 1977.

[B7] Belden, L. and J. A. Bergeron, General Electric Technical Report, No. EP-80-30, 1980.

[BS8] Bernhardt, J. H., “Evaluation of Human Exposures to Low Frequency Fields,” in AGARD Lecture
Series No. 138, The Impact of Proposed Radio-Frequency Radiation Standards on Military Operations,
available from NATO Advisory Group for Aerospace Research and Development (AGARD), 7 Rue Ancelle
92200 Neuilly Sur Seine, France, pp. 8-1 to 8-18, 1985.

[BI] Chatterjee, 1., O. P. Gandhi, and M. J. Hagmann, “Numerical and Experimental Results for Near-Field
Electromagnetic Absorption in Man,” IEEE Transactions on Microwave Theory and Techniques, 30 (11), pp.
2000-2005, 1982.

[B10] Chatterjee, I., D. Wu, and O. P. Gandhi, “Human Body Impedance and Threshold Currents for Percep-
tion and Pain for Contact Hazard Analysis in the VLF-MF Band,” IEEE Transactions on Biomedical Engi-
neering, 33 (5), pp. 486-494, 1986.

[B11] Chou, C. K., A. W. Guy, and R. Galambos, “Auditory Perception of Radio-Frequency Electromagnetic
Fields,” Journal of the Acoustical Society of America, 71 (6), pp. 1321-1334, 1982.

[B12] Cleveland, R. and T. Athey, “Specific Absorption Rate in Models of the Human Head Exposed to
Hand-held UHF Portable Radios,” Bioelectromagnetics, 10 (2), pp. 173—186, 1989.

[B13] Committee on the Institutional Means for Assessment of Risks to Public Health, Risk Assessment in the
Federal Government: Managing the Process, Commission on Life Sciences, National Research Council.
(Available from the National Academy Press, 2101 Constitutional Ave., N.W., Washington, D.C. 20418),
1983.

6ANSI C95.1-1982 has been superseded by IEEE Std C95.1-1991; however, copies can be obtained from Global Engineering, 15 Inv-
erness Way East, Englewood, CO 80112-5704, USA, tel. (303) 792-2181 (http://global.ihs.com/).

TANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA (http://www.ansi.org/).

Copyright © 1999 IEEE. All rights reserved. 31



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

[B14] Dalziel, C. F. and T. H. Mansfield, “Effect of Frequency on Perception Currents,” Transactions of
American Institute of Electrical Engineers, 69, Part II, pp. 1162-1168, 1950.

[B15] D’Andrea, J. A., O. P. Gandhi, and J. L. Lords, “Behavioral and Thermal Effects of Microwave Radi-
ation at Resonant and Non-Resonant Wavelengths,” Radio Science, 12 (6S), pp. 251-256, 1977.

[B16] deLorge, J. O., “Operant Behavior and Colonic Temperature of Macaca Mulatta Exposed to Radio
Frequency Fields at and Above Resonant Frequencies,” Bioelectromagnetics, 5 (2), pp. 233-246, 1984.

[B17] deLorge, J. O., “Operant Behavior and Rectal Temperature of Squirrel Monkeys During 2.45-GHZ
Microwave Radiation,” Radio Science, 14 (6S), pp. 217-225, 1979.

[B18] deLorge, J. O., “The Effects of Microwave Radiation on Behavior and Temperature in Rhesus Mon-
keys,” in Biological Effects of Electromagnetic Waves (Johnson, C. C. and M. L. Shore, Eds.; U. S. Dept. of
Health, Education, and Welfare, Washington, D.C.), HEW Publication (FDA) 77-8010, pp. 158174, 1976.

[B19] deLorge, J. O. and C. S. Ezell, “Observing-Responses of Rats Exposed to 1.28-and 5.62-GHz Micro-
waves,” Bioelectromagnetics, 1 (2), pp. 183—-198, 1980.

[B20] Durney, C. H., “Electromagnetic Dosimetry for Models of Humans and Animals: A Review of Theo-
retical and Numerical Techniques,” Proceedings of the IEEE, 68, pp. 33—40, 1980.

[B21] Durney, C. H., C. C. Johnson, P. W. Barber, H. Massoudi, M. F. Iskander, J. L. Lords, D. K. Ryser, S.
J. Allen, and J. C. Mitchell, “Radio-frequency Radiation Dosimetry Handbook,” Second Edition, Report
USAFSAM-TR-78-22, USAF School of Aerospace Medicine, Brooks Air Force Base, Texas, 1978.

[B22] Durney, C. H., H. Massoudi, and M. F. Iskander, “Radio-frequency Radiation Dosimetry Handbook,”
Fourth Edition, Report USAFSAM-TR-85-73, USAF School of Aerospace Medicine, Brooks Air Force
Base, Texas, 1986.

[B23] Elder, J. A. and D. F. Cahill, “Biological Effects of Radio-frequency Radiation,” Report EPA-600/8-
83-026F, EPA, Health Effects Research Laboratory, Research Triangle Park, North Carolina, 1984.

[B24] EPA, An Investigation of Radio-frequency Radiation Levels on Healy Heights, Portland, Oregon, July
28—August 1, 1986, U.S. Environmental Protection Agency, Las Vegas, Nevada, 1987.

[B25] Gandhi, O. P, “Advances in Dosimetry of Radio-frequency Radiation and their Past and Projected
Impact on the Safety Standards,” Proceedings of IMTC Instrumentation and Measurement Technology Con-
ference, April 20-22, 1988, San Diego, CA, pp. 109-113, 1988.

[B26] Gandhi, O. P., “Electromagnetic Power Deposition in Man and Animals,” IEEE Transactions on
Microwave Theory and Techniques, 23 (12), pp. 1021-1029, 1975.

[B27] Gandhi, O. P. and 1. Chatterjee, “Radio-Frequency Hazards in the VLF to MF Band,” Proceedings of
the IEEE, 70 (12), pp. 1462-1464, 1982.

[B28] Gandhi, O. P. and A. Riazi, “Absorption of Millimeter Waves by Human Beings and its Biological
Implications,” IEEE Transactions on Microwave Theory and Techniques, 34 , pp. 228-235, 1986.

[B29] Gandhi, O. P., J. Y. Chen, and A. Riazi, “Currents Induced in a Human Being for Plane-Wave Expo-
sure Conditions 0—50 MHz and for RF Sealers,” IEEE Transactions on Biomedical Engineering, 33, pp.
757-767, 1986.

[B30] Gandhi, O. P, K. Sedigh, G. S. Beck, and E. L. Hunt, “Distribution of Electromagnetic Energy Depo-

sition in Models of Man with Frequencies near Resonance,” in Biological Effects of Electromagnetic Waves
(Johnson, C. C. and Shore, M. L., Eds.), DHEW Publications (FDA) 77-8011, vol. 2, pp. 44-67, 1976.

32 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

[B31] Guy, A. W., Letter to the Environmental Protection Agency, dated November 20, 1986 (Contact: Prof.
Arthur W. Guy, Bioelectromagnetics Research Lab, RJ-30, University of Washington, Seattle, Washington
98195), 1986.

[B32] Guy, A. W., “Quantitation of Induced Electromagnetic Field Patterns in Tissue and Associated Biolog-
ical Effects,” in Biologic Effects and Health Hazards of Microwave Radiation (Czerski, P., Ed.; Polish Med-
ical Publishers, Warsaw), pp. 203-216, 1974.

[B33] Guy, A. W. and C. K. Chou, “Effects of High Intensity Microwave Pulse Exposure of Rat Brain,”
Radio Science, 17 (5S), pp. 169178, 1982.

[B34] Guy, A. W., C. K. Chou, and K. H. Luk, “915 MHz Phase-Array System for Treating Tumors in Cylin-
drical Structures,” IEEE Transactions on Microwave Theory and Techniques, 34 (5), pp. 502-507, 1986.

[B35] Guy, A. W., C. K. Chou, and B. Neuhaus, “Average SAR and SAR Distributions in Man Exposed to
450 MHz Radio-frequency Radiation,” IEEE Transactions on Microwave Theory and Techniques, 32 (8), pp.
752-763, 1984.

[B36] Guy, A. W., C. K. Chou, J. C. Lin, and D. Christensen, “Microwave-Induced Acoustic Effects in Mam-
malian Auditory Systems and Physical Materials,” Annals of the New York Academy of Sciences, 247, pp.
194-218, 1975.

[B37] Guy, A. W., P. O. Kramar, C. A. Harris, and C. K. Chou, “Long-Term 2450 MHz CW Microwave Irra-
diation of Rabbits: Methodology and Evaluation of Ocular and Physiological Effects,” Journal of Microwave
Power, 15, pp. 37-44, 1980.

[B38] Guy, A. W., M. D. Webb, and C. C. Sorensen, “Determination of Power Absorption in Man Exposed
to High-Frequency Electromagnetic Fields by Thermographic Measurements on Scale Models,” IEEE
Transactions on Biomedical Engineering, 23, pp. 361-371, 1976.

[B39] Herman, W. A. and D. M. Witters, “Microwave Hazard Instruments: an Evaluation of the Narda 8100,
Holaday HI-1500, and Simpson 380M,” Technical Report FDA 80-8122, Food and Drug Administration,
Bureau of Radiological Health, 1980.

[B40] Hill, D. A. and J. A. Walsh, “The Effect of Wave Impedance on Human Whole-Body Radio-frequency
Absorption Rates,” Report No. 891, Defense Research Establishment, Ottawa, 1984.

[B41] Ho, H. S., A. W. Guy, R. A. Sigelmann, and J. F. Lehmann, “Electromagnetic Heating Patterns in Cir-
cular Cylindrical Models of Human Tissues,” in Proceedings of the 8th International Conference on Medi-
cal and Biological Engineering, July, 1969, Chicago, IL, Session 27.4, 1969.

[B42] Johnson, C. C. and A. W. Guy, “Nonionizing Electromagnetic Wave Effects in Biological Materials
and Systems,” Proceedings of the IEEE, 60, pp. 692-718, 1972.

[B43] Justesen, D. R., “Toward a Prescriptive Grammar for the Radio-biology of Non-Ionizing Radiations:
Quantities, Definitions, and Units of Absorbed Electromagnetic Energy,” Journal of Microwave Power, 10,
pp. 333-356, 1975.

[B44] Justesen, D. R. and N. W. King, “Behavioral Effects of Low-Level Microwave Irradiation in the
Closed-Space Situation,” in Symposium Proceedings: Biological Effects and Health Implications of Micro-
wave Radiation, Report No. BRH-DBE 70-2 (Cleary, S. F., Ed.; USPHS-FDA, Rockville, Maryland), pp.
154-179, 1970.

[B45] Lin, J. C., “On Microwave-Induced Hearing Sensation,” IEEE Transactions on Microwave Theory
and Techniques, 25, pp. 605-613, 1977.

Copyright © 1999 IEEE. All rights reserved. 33



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

[B46] Lin, J. C., “Microwave Auditory Effects and Applications” (Charles C. Thomas; Springfield, IL), 1978.
[B47] Lin, J. C., “The Microwave Auditory Phenomenon,” Proceedings of the IEEE, 68 (1), pp. 67-73, 1980.

[B48] Lin, J. C., “Microwave Hearing Effect,” in ACS Symposium, Series 157, Biological Effects of Nonion-
izing Radiation (Illinger, K. H., Ed.; American Chemical Society, Washington, D.C.), pp. 317-330, 1981.

[B49] Lin, J. C., “Pulsed Radio-frequency Field Effects in Biological Systems,” in Electromagnetic Interac-
tion with Biological Systems (Lin, J., Ed.; Plenum Press, New York), pp. 165-178, 1989.

[B50] Lin, J. C., A. W. Guy, and C. C. Johnson, “Power Deposition in a Spherical Model of Man Exposed to
1-20 MHz Electromagnetic Fields,” IEEE Transactions on Microwave Theory and Techniques, 21, pp. 791—
797, 1973.

[B51] National Council on Radiation Protection and Measurements (NCRP), “Biological Effects and Expo-
sure Criteria for Radio-frequency Electromagnetic Fields,” Pub. No. 86, Washington, D.C., 1986.

[B52] National Council on Radiation Protection and Measurements (NCRP), “Radiofrequency Electromag-
netic Fields: Properties, Quantities and Units, Biophysical Interaction, and Measurements,” Pub. No. 67,
Washington, D.C., 1981.

[B53] Olsen, R. G. and T. A. Griner, “Outdoor Measurement of SAR in a Full-Sized Human Model Exposed
to 29.9 MHz in the Near Field,” Bioelectromagnetics, 10, pp. 161-171, 1989.

[B54] Rogers, S. J., “Radio-frequency Burn Hazards in the MF/HF Band,” in Proceedings of a Workshop on
the Protection of Personnel Against Radio-frequency Electromagnetic Radiation, Research Study Group 2,
Panel VIII Defense Research Group, NATO (Report USAFSAM-TR-81-28, USAF School of Aerospace
Medicine, Aerospace Medical Division, Brooks Air Force Base, Texas 78235), pp. 76-89, 1981.

[B55] Rudge, A. W. and R. M. Knox, “Near Field Instrumentation,” Technical Report BRH/DEP 70-16,
Bureau of Radiological Health, U.S. Public Health Service (NTIS order number PB192748), 1970.

[B56] Schaubert, D. H., D. M. Witters, and W. A. Herman, “Spatial Distribution of Microwave Oven Leaks,”
Journal of Microwave Power, 17 (2), pp. 113-119, 1982.

[B57] Smith, G. S., “The Electric-Field Probe Near a Material Interface with Applications to the Probing of
Fields in Biological Bodies,” IEEE Transactions on Microwave Theory and Techniques, 27 (3), pp. 270-278,
1979.

[B58] Tell, R. A., “Real-Time Data Averaging for Determining Human RF Exposure,” in Proceedings of the
40th Annual Broadcast Engineering Conference, National Association of Broadcasters, Dallas, TX, pp. 388—
394, April 12-16, 1986

[B59] Tell, R. A., “RF Hot Spot Fields: The Problem of Determining Compliance with the ANSI Radiofre-
quency Protection Guide,” in Proceedings of the 44th Annual Broadcast Engineering Conference, National

Association of Broadcasters, Atlanta, GA, pp. 419—431, March 30—April 3, 1990.

[B60] “Threshold Limits and Biological Exposure Indices for 1988—1989,” American Conference of Gov-
ernmental Industrial Hygienists (ACGIH), Cincinnati, Ohio, pp. 100-103, 1988.

34 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Annex B
(informative)

Final list of papers comprising database

Abhold, R. H., M. J. Ortner, M. J. Galvin, and D. I. McRee, “Studies on Acute In Vivo Exposure of Rats to
2450-MHz Microwave Radiation: II. Effects on Thyroid and Adrenal Axes Hormones,” Radiation Research,
88 (3), pp. 448455, 1981.

Adair, E. R. and B. W. Adams, “Microwaves Modify Thermoregulatory Behavior in Squirrel Monkey,” Bio-
electromagnetics, 1 (1), pp. 1-20, 1980.

Adair, E. R. and B. W. Adams, “Adjustments in Metabolic Heat Production by Squirrel Monkeys Exposed to
Microwaves,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Physiology, 50 (4),
pp- 1049-1058, 1982.

Adair, E. R. and B. W. Adams, “Behavioral Thermoregulation in the Squirrel Monkey: Adaptation Processes
During Prolonged Microwave Exposure,” Behavioral Neuroscience, 97 (1), pp. 49-61, 1983.

Adair, E. R., D. E. Spiers, J. A. J. Stolwijk, and C. B. Wenger, “Technical Note: On Changes in Evaporative
Heat Loss That Result from Exposure to Nonionizing Electromagnetic Radiation,” Journal of Microwave
Power, 18 (2), pp. 209-211, 1983.

Adair, E. R., B. W. Adams, and G. M. Akel, “Minimal Changes in Hypothalamic Temperature Accompany
Microwave-Induced Alteration of Thermoregulatory Behavior,” Bioelectromagnetics, 5 (1), pp. 13-30, 1984.

Adair, E. R., D. E. Spiers, R. O. Rawson, B. W. Adams, D. K. Shelton, P. J. Pivirotto, and G. M. Akel, “Ther-
moregulatory Consequences of Long-Term Microwave Exposure at Controlled Ambient Temperatures,” Bio-
electromagnetics, 6 (4), pp. 339-363, 1985.

Adey, W. R., S. M. Bawin, and A. F. Lawrence, “Effects of Weak Amplitude-Modulated Microwave Fields
on Calcium Efflux from Awake Cat Cerebral Cortex,” Bioelectromagnetics, 3 (3), pp. 295-307, 1982.

Albert, E. N. and J. M. Kerns, “Reversible Microwave Effects on the Blood-Brain Barrier,” Brain Research,
230 (1-2), pp- 153-164, 1981.

Albert, E. N., M. F. Sherif, N. J. Papadopoulos, F. J. Slaby, and J. Monahan, “Effects of Nonionizing Radia-
tion on the Purkinje Cells of the Rat Cerebellum,” Bioelectromagnetics, 2 (3), pp. 247-257, 1981a.

Albert, E. N., M. F. Sherif, and N. J. Papadopoulos, “Effect of Nonionizing Radiation on the Purkinje Cells
of the Uvula in Squirrel Monkey Cerebellum,” Bioelectromagnetics, 2 (3), pp. 241-246, 1981b.

Allis, J. W. and B. L. Sinha, “Fluorescence Depolarization Studies of Red Cell Membrane Fluidity. The
Effect of Exposure to 1.0-GHz Microwave Radiation,” Bioelectromagnetics, 2 (1), pp. 13-22, 1981.

Allis, J. W. and B. L. Sinha, “Fluorescence Depolarization Studies of the Phase Transition in Multilamellar
Phospholipid Vesicles Exposed to 1.0-GHz Microwave Radiation,” Bioelectromagnetics, 3 (3), pp. 323-332,
1982.

Antipov, V. V., V. . Drobyshev, V. S. Tikhonchuk, V. P. Fedorov, and L. V. Pakhunova, “Morphological

Effects of Chronic Action of SHF Field on Nervous System of Mice,” in Effects of Nonionizing Electromag-
netic Radiation, JPRS 83601, pp. 14-20, June 3, 1983.

Copyright © 1999 IEEE. All rights reserved. 35



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Appleton, B. and G. C. McCrossan, “Microwave Lens Effects in Humans,” Archives of Ophthalmology, 88,
pp, 259-262, 1972.

Appleton, B., S. Hirsh, R. O. Kinion, M. Soles, G. C. McCrossan, and R. M. Neidlinger, “Microwave Lens
Effects in Humans,” Archives of Ophthalmology, 93, pp. 257-258, 1975.

Arber, S. L. and J. C. Lin, “Microwave-Induced Changes in Nerve Cells: Effects of Modulation and Temper-
ature,” Bioelectromagnetics, 6 (3), pp. 257-270, 1985.

Ashani, Y., F. H. Henry, and G. N. Catravas, “Combined Effects of Anticholinesterase Drugs and Low-Level
Microwave Radiation,” Radiation Research, 84, pp. 496-503, 1980.

Athey, T. W., “Comparison of RF-Induced Calcium Efflux from Chick Brain Tissue at Different Frequen-
cies: Do the Scaled Power Density Windows Align?,” Bioelectromagnetics, 2 (4), pp. 407-409, 1981.

Barsoum, Y. H. and W. F. Pickard, “The Vacuolar Potential of Characean Cells Subjected to Electromagnetic
Radiation in the Range 200-8,200 MHz,” Bioelectromagnetics, 3 (4), pp. 393400, 1982.

Belokrinitskiy, V. S., “Hygienic Evaluation of Biological Effects of Nonionizing Microwaves,” in U.S.S.R.
Report, Effects of Nonionizing Electromagnetic Radiation, No. 7, JPRS 81865, pp. 1-5, Sept. 27, 1982a.

Belokrinitskiy, V. S., “Destructive and Reparative Processes in Hippocampus with Long-Term Exposure to
Nonionizing Microwave Radiation,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation,
No. 7, JPRS 81865, pp. 15-20, Sept. 27, 1982b.

Berman, E., J. B. Kinn, and H. B. Carter, “Observations of Mouse Fetuses After Irradiation with 2.45 GHz
Microwaves,” Health Physics, 35, pp. 791-801, 1978.

Berman, E., H. B. Carter, and D. House, “Tests of Mutagenesis and Reproduction in Male Rats Exposed to
2450-MHz (CW) Microwaves,” Bioelectromagnetics, 1 (1), pp. 65-76, 1980.

Berman, E., H. B. Carter, and D. House, “Observations of Rat Fetuses After Irradiation with 2450-MHz
(CW) Microwaves,” Journal of Microwave Power, 16 (1), pp. 9-13, 1981.

Berman, E., H. B. Carter, and D. House, “Reduced Weight in Mice Offspring After In Utero Exposure to
2450-MHz (CW) Microwaves,” Bioelectromagnetics, 3 (2), pp. 285-291, 1982.

Bernhardt, J., “The Direct Influence of Electromagnetic Fields on Nerve and Muscle Cells of Man Within
the Frequency Range of 1 Hz to 30 MHz,” Radiation and Environmental Biophysics, 16, pp. 309-323, 1979.

Bernhardt, J. H., “Evaluation of Human Exposures to Low Frequency Fields,” NATO AGARD Lecture
Series No. 138, The Impact of Proposed Radio Frequency Radiation Standards on Military Operations,
1985.

Bielski, J., A. Sawinska, and J. Pianowska, “Bioelectrical Brain Activity in Employees Exposed to Various
Frequencies of Electromagnetic Fields,” Proceedings of URSI International Symposium on Electromagnetic
Waves and Biology, June—July 1980, Paris, France, pp. 193—-195, 1980.

Birenbaum, L., I. T. Kaplan, W. Metlay, S. W. Rosenthal, and M. M. Zaret, “Microwave and Infra-Red

Effects on Heart Rate, Respiration Rate and Subcutaneous Temperature of the Rabbit,” Journal of Micro-
wave Power, 10 (1), pp. 3-18, 1975.

36 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Blackman, C. F, J. A. Elder, C. M. Weil, S. G. Benane, D. C. Eichinger, and D. E. House, “Induction of Cal-
cium-Ion Efflux from Brain Tissue by Radio-Frequency Radiation: Effects of Modulation Frequency and
Field Strength,” Radio Science, 14 (6S), pp. 93-98, 1979.

Blackman, C. F.,, S. G. Benane, J. A. Elder, D. E. House, J. A. Lampe, and J. M. Faulk, “Induction of Cal-
cium-Ion Efflux from Brain Tissue by Radio-Frequency Radiation: Effect of Sample Number and Modula-
tion Frequency on the Power-Density Window,” Bioelectromagnetics, 1 (1), pp. 35-43, 1980a.

Blackman, C. F.,, S. G. Benane, W. T. Joines, M. A. Hollis, and D. E. House, “Calcium-Ion Efflux from Brain
Tissue: Power Density Versus Internal Field-Intensity Dependencies at 50-MHz RF Radiation,” Bioelectro-
magnetics, 1 (3), pp. 277-283, 1980b.

Blackman, C. F., S. G. Benane, D. E. House, and W. T. Joines, “Effects of ELF (1-120 Hz) and Modulated
(50 Hz) RF Fields on the Efflux of Calcium Ions from Brain Tissue,” Bioelectromagnetics, 6 (1), pp. 1-11,
1985a.

Blackman, C. F, S. G. Benane, J. R. Rabinowitz, D. E. House, and W. T. Joines, “A Role for the Magnetic
Field in the Radiation-Induced Efflux of Calcium Ions from Brain Tissue In Vitro,” Bioelectromagnetics,
6 (4), pp- 327-337, 1985b.

Bollinger, J. N., R. L. Lawson, and W. C. Dolle, “Research on Biological Effects of VLF Band Electromag-
netic Radiation,” U.S. Air Force School of Aerospace Medicine, Brooks AFB, TX, Report SAM-TR-74-52,
Nov. 1974.

Bruce-Wolfe, V. and E. R. Adair, “Operant Control of Convective Cooling and Microwave Irradiation by the
Squirrel Monkey,” Bioelectromagnetics, 6 (4), pp. 365-380, 1985.

Brunkard, K. M. and W. F. Pickard, “The Membrane Potential of Characean Cells Exposed to Amplitude-
Modulated, Low-Power 147-MHz Radiation,” Bioelectromagnetics, 5 (3), pp. 353356, 1984.

Bush, L. G., D. W. Hill, A. Riazi, L. J. Stensaas, L. M. Partlow, and O. P. Gandhi, “Effects of Millimeter-
Wave Radiation on Monolayer Cell Cultures. III. A Search for Frequency-Specific Athermal Biological
Effects on Protein Synthesis,” Bioelectromagnetics, 2 (2), pp. 151-159, 1981.

Byman, D., S. P. Battista, F. E. Wasserman, and T. H. Kunz, “Effect of Microwave Irradiation (2.45 GHz,
CW) on Egg Weight Loss, Egg Hatchability, and Hatchling Growth of the Coturnix Quail,” Bioelectromag-
netics, 6 (3), pp. 271-282, 1985.

Byus, C. V,,R. L. Lundak, R. M. Fletcher, and W. R. Adey, “Alterations in Protein Kinase Activity Following
Exposure of Cultured Human Lymphocytes to Modulated Microwave Fields,” Bioelectromagnetics, 5 (3),

pp. 341-351, 1984.

Cain, C. A. and W. J. Rissman, “Mammalian Auditory Responses to 3.0 GHz Microwave Pulses,” IEEE
Transactions on Biomedical Engineering, BME-25 (3), pp. 288-293, 1978.

Cairnie, A. B. and R. K. Harding, “Cytological Studies in Mouse Testis Irradiated with 2.45-GHz Continu-
ous-Wave Microwaves,” Radiation Research, 87, pp. 100—108, 1981.

Candas, V., E. R. Adair, and B. W. Adams, “Thermoregulatory Adjustments in Squirrel Monkeys Exposed to
Microwaves at High Power Densities,” Bioelectromagnetics, 6 (3), pp. 221-234, 1985.

Carroll, D. R., D. M. Levinson, D. R. Justesen, and R. L. Clarke, “Failure of Rats to Escape from a Poten-
tially Lethal Microwave Field,” Bioelectromagnetics, 1 (2), pp. 101-115, 1980.

Copyright © 1999 IEEE. All rights reserved. 37



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Chang, B. K., A. T. Huang, W. T. Joines, and R. S. Kramer, “The Effect of Microwave Radiation (1.0 GHz)
on the Blood-Brain Barrier in Dogs,” Radio Science, 17 (5S), pp. 165-168, 1982.

Chatterjee, 1., D. Wu, and O. P. Gandhi, “Human Body Impedance and Threshold Currents for Perception
and Pain for Contact Hazard Analysis in the VLF-MF Band,” IEEE Transactions on Biomedical Engineer-
ing, BME-33 (5), pp. 486—494, 1986.

Checcucci, A., R. Olmi, and R. Vanni, “Thermal Haemolytic Threshold of Human Erythrocytes,” Journal of
Microwave Power, 20 (3), pp. 161-163, 1985.

Chou, C.-K. and A. W. Guy, “Carbon Electrodes for Chronic EEG Recordings in Microwave Research,”
Journal of Microwave Power, 14 (4), pp. 399—404, 1979a.

Chou, C.-K., and A. W. Guy, “Microwave-Induced Auditory Responses in Guinea Pigs: Relationship of
Threshold and Microwave-Pulse Duration,” Radio Science, 14 (6S), pp. 193-197, 1979b.

Chou, C.-K., L.-F. Han, and A. W. Guy, “Microwave Radiation and Heart-Beat Rate of Rabbits,” Journal of
Microwave Power, 15 (2), pp. 87-93, 1980.

Chou, C.-K., A. W. Guy, J. B. McDougall, and L.-F. Han, “Effects of Continuous and Pulsed Chronic Micro-
wave Exposure on Rabbits,” Radio Science, 17 (5S), pp. 185-193, 1982.

Chou, C.-K., A. W. Guy, L. E. Borneman, L. L. Kunz, and P. Kramar, “Chronic Exposure of Rabbits to 0.5
and 5 mW/cm? 2450-MHz CW Microwave Radiation,” Bioelectromagnetics, 4 (1), pp. 63-77, 1983.

Chou, C.-K., A. W. Guy, and R. B. Johnson, “SAR in Rats Exposed in 2450-MHz Circularly Polarized
Waveguides,” Bioelectromagnetics, 5 (4), pp. 389-398, 1984.

Chou, C.-K., A. W. Guy, J. A. McDougall, and H. Lai, “Specific Absorption Rate in Rats Exposed to 2450-
MHz Microwaves Under Seven Exposure Conditions,” Bioelectromagnetics, 6 (1), pp. 73—-88, 1985a.

Chou, C.-K., K.-C. Yee, and A. W. Guy, “Auditory Response in Rats Exposed to 2450 MHz Electromagnetic
Fields in a Circularly Polarized Waveguide,” Bioelectromagnetics, 6 (3), pp. 323-326, 1985b.

Clapman, R. M. and C. A. Cain, “Absence of Heart-Rate Effects in Isolated Frog Heart Irradiated with Pulse
Modulated Microwave Energy,” Journal of Microwave Power, 10 (4), pp. 411-419, 1975.

Clarke, R. L. and D. R. Justesen, “Temperature Gradients in the Microwave-Irradiated Egg: Implications for
Avian Teratogenesis,” Journal of Microwave Power, 18 (2), pp. 169-180, 1983.

Cleary, S. F., F. Garber, and L.-M. Liu, “Effects of X-Band Microwave Exposure on Rabbit Erythrocytes,”
Bioelectromagnetics, 3 (4), pp. 453-466, 1982.

Cleary, S. F.,, L.-M. Liu, and F. Garber, “Viability and Phagocytosis of Neutrophils Exposed In Vitro to 100-
MHz Radiofrequency Radiation,” Bioelectromagnetics, 6 (1), pp. 53-60, 1985a.

Cleary, S. F,, L.-M. Liu, and F. Garber, “Erythrocyte Hemolysis by Radiofrequency Fields,” Bioelectromag-
netics, 6 (3), pp. 313-322, 1985b.

Cogan, D. G., S. J. Fricker, M. Lubin, D. D. Donaldson, and H. Hardy, “Cataracts and Ultra-High-Frequency
Radiation,” American Medical Association Archives of Industrial Health, 18, pp. 299-302, 1958.

Cooper, M. S. and N. M. Amer, “The Absence of Coherent Vibrations in the Raman Spectra of Living Cells,”
Physics Letters, 98A (3), pp. 138-142, 1983.

38 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Corelli, J. C., R. J. Gutmann, S. Kohazi, and J. Levy, “Effects of 2.6-4.0 GHz Microwave Radiation on E-
Coli B,” Journal of Microwave Power, 12 (2), pp. 141-144, 1977.

Czerski, P., “Microwave Effects on the Blood-Forming System with Particular Reference to the Lympho-
cyte,” in P. Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 232-242, 1975.

D’Andrea, J. A., O. P. Gandhi, J. L. Lords, C. H. Durney, C. C. Johnson, and L. Astle, “Physiological and
Behavioral Effects of Chronic Exposure to 2450-MHz Microwaves,” Journal of Microwave Power, 14 (4),
pp- 351-362, 1979.

D’Andrea, J. A., O. P. Gandhi, J. L. Lords, C. H. Durney, L. Astle, L. J. Stensaas, and A. A. Schoenberg,
“Physiological and Behavioral Effects of Prolonged Exposure to 915 MHz Microwaves,” Journal of Micro-
wave Power, 15 (2), pp. 123-135, 1980.

D’Andrea, J. A., R. Y. Emmerson, C. M. Bailey, R. G. Olsen, and O. P. Gandhi, “Microwave Radiation
Absorption in the Rat: Frequency-Dependent SAR Distribution in Body and Tail,” Bioelectromagnetics, 6
(2), pp. 199-206, 1985.

Dardalhon, M., D. Averbeck, and A. J. Berteaud, “Determination of a Thermal Equivalent of Millimeter
Microwaves in Living Cells,” Journal of Microwave Power, 14 (4), pp. 307-312, 1979.

Dardalhon, M., D. Averbeck, and A. J. Berteaud, “Studies on Possible Genetic Effects of Microwaves in Pro-
caryotic and Eucaryotic Cells,” Radiation and Environmental Biophysics, 20, pp. 37-51, 1981.

Dardalhon, M., C. More, D. Averbeck, and A. J. Berteaud, “Thermal Action of 2.45 GHz Microwaves on the
Cytoplasm of Chinese Hamster Cells,” Bioelectromagnetics, 5 (2), pp. 247-261, 1984.

Deichmann, W. B., F. H. Stephens, Jr., M. Keplinger, and K. F. Lampe, “Acute Effects of Microwave Radia-

tion on Experimental Animals (24 000 Megacycles),” Journal of Occupational Medicine, 1, pp. 369-381,
1959.

Deichmann, W. B., E. Bernal, F. Stephens, and K. Landeen, “Effects on Dogs of Chronic Exposure to Micro-
wave Radiation,” Journal of Occupational Medicine, 5, pp. 418—425, 1963.

Deichmann, W. B., J. Miale, and K. Landeen, “Effect of Microwave Radiation on the Hemopoietic System
of the Rat,” Toxicology and Applied Pharmacology, 6 (1), pp. 71-77, 1964.

de Lorge, J. O., “The Effects of Microwave Radiation on Behavior and Temperature in Rhesus Monkeys,” in
C. C. Johnson and M. Shore (eds.), Biological Effects of Electromagnetic Waves, U.S. Department of Health,
Education, and Welfare, Washington, D.C., HEW Publication (FDA) 77-8010, pp. 158-174, 1976.

de Lorge, J. O., “Operant Behavior and Rectal Temperature of Squirrel Monkeys During 2.45-GHz Micro-
wave Irradiation,” Radio Science, 14 (6S), pp. 217-225, 1979.

de Lorge, J. O. and C. S. Ezell, “Observing-Responses of Rats Exposed to 1.28- and 5.62-GHz Micro-
waves,” Bioelectromagnetics, 1 (2), pp. 183—-198, 1980.

de Lorge, J. O., “Operant Behavior and Colonic Temperature of Macaca Mulatta Exposed to Radio Fre-
quency Fields At and Above Resonant Frequencies,” Bioelectromagnetics, 5 (2), pp. 233-246, 1984.

DeWitt, J. R. and J. A. D’ Andrea, “Synergistic Effects of Microwaves and Pentobarbital in Laboratory Rats,”
Journal of Microwave Power, 17 (4), pp. 282-283, 1982.

Copyright © 1999 IEEE. All rights reserved. 39



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Dumanskiy, Yu. D. and L. A. Tomashevskaya, “Hygienic Evaluation of 8-mm Wave Electromagnetic Fields,”
in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 7, JPRS 81865, pp. 6-9, Sept. 27,
1982.

Dumanskiy, Yu. D., N. G. Nikitina, L. A. Tomashevskaya, F. R. Kholyavko, K. S. Zhupakhin, and V. A. Yur-
manov, “Meteorological Radar as Source of SHF Electromagnetic Field Energy and Problems of Environ-
mental Hygiene,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 6, JPRS 81300,
pp. 58-63, July 16, 1982.

Dutta, S. K., W. H. Nelson, C. F. Blackman, and D. J. Brusick, “Lack of Microbial Genetic Response to
2.45-GHz CW and 8.5- to 9.6-GHz Pulsed Microwaves,” Journal of Microwave Power, 14 (3), pp. 275-280,
1979.

Dutta, S. K., A. Subramoniam, B. Ghosh, and R. Parshad, “Microwave Radiation-Induced Calcium Ion
Efflux from Human Neuroblastoma Cells in Culture,” Bioelectromagnetics, 5 (1), pp. 71-78, 1984.

Dutton, M. S., M. J. Galvin, and D. I. McRee, “In Vitro Effects of Microwave Radiation on Rat Liver Mito-
chondria,” Bioelectromagnetics, 5 (1), pp. 39-45, 1984.

Elder, J. A., J. S. Ali, M. D. Long, and G. E. Anderson, “A Coaxial Air Line Microwave Exposure System:
Respiratory Activity of Mitochondria Irradiated at 2—4 GHz,” in C. C. Johnson and M. Shore (eds.), Biologi-
cal Effects of Electromagnetic Waves, U.S. Department of Health, Education, and Welfare, Washington,
D.C., HEW Publication (FDA) 77-8010, pp. 352-365, 1976.

Fisher, P. D., J. K. Lauber, and W. A. G. Voss, “The Effect of Low-Level 2450 MHz CW Microwave Irradia-
tion and Body Temperature on Early Embryonal Development in Chickens,” Radio Science, 14 (6S), pp.
159-163, 1979.

Frey, A. H. and E. Seifert, “Pulse Modulated UHF Energy Illumination of the Heart Associated with Change
in Heart Rate,” Life Sciences, 7 (10), Part II, pp. 505-512, 1968.

Frey, A. H. and S. R. Feld, “Avoidance by Rats of Illumination with Low Power Nonionizing Electromag-
netic Energy,” Journal of Comparative and Physiological Psychology, 89 (2), pp. 183—188, 1975.

Frey, A. H., S. R. Feld, and B. Frey, “Neural Function and Behavior: Defining the Relationship,” in P. Tyler
(ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 433-439, 1975.

Frey, A. H. and L. S. Wesler, “Dopamine Receptors and Microwave Energy Exposure,” Journal of Bioelec-
tricity, 2 (2-3), pp. 145-157, 1983.

Frey, A. H., “Data Analysis Reveals Significant Microwave-Induced Eye Damage in Humans,” Journal of
Microwave Power, 20 (1), pp. 53-55, 1985.

Friend, A. W. Jr., E. D. Finch, and H. P. Schwan, “Low Frequency Electric Field Induced Changes in the
Shape and Motility of Amoebas,” Science, 187, pp. 357-359, Jan. 31, 1975.

Friend, A. W. Jr., S. L. Gartner, K. L. Foster, and H. Howe, Jr., “The Effects of High Power Microwave
Pulses on Red Blood Cells and the Relationship to Transmembrane Thermal Gradients,” IEEE Transactions
on Microwave Theory and Techniques, MTT-29 (12), pp. 1271-1277, 1981.

Furmaniak, A., “Quantitative Changes in Potassium, Sodium, and Calcium in the Submaxillary Salivary
Gland and Blood Serum of Rats Exposed to 2880-MHz Microwave Radiation,” Bioelectromagnetics, 4 (1),
pp- 55-62, 1983.

40 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Gage, M. 1., “Microwave Irradiation and Ambient Temperature Interact to Alter Rat Behavior Following
Overnight Exposure,” Journal of Microwave Power, 14 (4), pp. 389-398, 1979.

Gage, M. L, E. Berman, and J. B. Kinn, “Videotape Observations of Rats and Mice During an Exposure to
2450-MHz Microwave Radiation,” Radio Science, 14 (6S), pp. 227-232, 1979.

Gage, M. 1. and W. M. Guyer, “Interaction of Ambient Temperature and Microwave Power Density on
Schedule-Controlled Behavior in the Rat,” Radio Science, 17 (5S), pp. 179—184, 1982.

Galvin, M. J., D. I. McRee, and M. Lieberman, “Effects of 2.45-GHz Microwave Radiation on Embryonic
Quail Hearts,” Bioelectromagnetics, 1 (4), pp. 389-396, 1980.

Galvin, M. J. and D. I. McRee, “Influence of Acute Microwave Radiation on Cardiac Function in Normal
and Myocardial Ischemic Cats,” Journal of Applied Physiology: Respiratory, Environmental and Exercise
Physiology, 50 (5), pp- 931-935, 1981.

Galvin, M. J., D. I. McRee, C. A. Hall, J. P. Thaxton, and C. R. Parkhurst, “Humoral and Cell-Mediated
Immune Function in Adult Japanese Quail Following Exposure to 2.45-GHz Microwave Radiation During
Embryogeny,” Bioelectromagnetics, 2 (3), pp. 269-278, 1981.

Galvin, M. J., M. S. Dutton, and D. I. McRee, “Influence of 2.45-GHz CW Microwave Radiation on Sponta-
neously Beating Rat Atria,” Bioelectromagnetics, 3 (2), pp. 219-226, 1982a.

Galvin, M. J., M. J. Ortner, and D. I. McRee, “Studies on Acute In Vivo Exposure of Rats to 2450-MHz
Microwave Radiation: III. Biochemical and Hematologic Effects,” Radiation Research, 90, pp. 558-563,
1982b.

Galvin, M. J., G. L. MacNichols, and D. I. McRee, “Effect of 2450 MHz Microwave Radiation on Hemato-
poiesis of Pregnant Mice,” Radiation Research, 100 (2), pp. 412-417, 1984.

Gandhi, O. P, M. J. Hagmann, D. W. Hill, L. M. Partlow, and L. Bush, “Millimeter Wave Absorption Spectra
of Biological Samples,” Bioelectromagnetics, 1 (3), pp. 285-298, 1980.

Gandhi, O. P. and I. Chatterjee, “Radio-Frequency Hazards in the VLF to MF Band,” IEEE Proceedings, 70
(12), pp. 1462-1464, 1982.

Gandhi, O. P, I. Chatterjee, D. Wu, and Y.-G. Gu, “Likelihood of High Rates of Energy Deposition in the
Human Legs at the ANSI Recommended 3-30-MHz RF Safety Levels,” IEEE Proceedings, 73 (6), pp.
1145-1147, 1985.

Gandhi, O. P. and A. Riazi, “Absorption of Millimeter Waves by Human Beings and Its Biological Implica-
tions,” IEEE Transactions on Microwave Theory and Techniques, MTT-34 (2), pp. 228-235, 1986.

Gandhi, O. P, J.-Y. Chen, and A. Riazi, “Currents Induced in a Human Being for Plane-Wave Exposure
Conditions 0-50 MHz and for RF Sealers,” IEEE Transactions on Biomedical Engineering, BME-33 (8), pp.
757-767, 1986.

Geddes, L. A., L. E. Baker, P. Cabler, and D. Brittain, “Response to Passage of Sinusoidal Current Through
the Body,” in N. L. Wulfson and A. Sances, Jr. (eds.), The Nervous System and Electric Current, Plenum
Press, N.Y., 2, pp. 121-129, 1971.

Gokhale, A. V., K. M. Brunkard, and W. F. Pickard, “Vacuolar Hyperpolarizing Offsets in Characean Cells

Exposed to Mono- and Bichromatic CW and to Squarewave-Modulated Electromagnetic Radiation in the
Band 200-1000 MHz,” Bioelectromagnetics, 5 (3), pp. 357-360, 1984.

Copyright © 1999 IEEE. All rights reserved. 41



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Gokhale, A. V., W. E. Pickard, and K. M. Brunkard, “Low-Power 2.45-GHz Microwave Radiation Affects
Neither the Vacuolar Potential Nor the Low Frequency Excess Noise in Single Cells of Characean Algae,”
Journal of Microwave Power, 20 (1), pp. 43-46, 1985.

Goldman, H., J. C. Lin, S. Murphy, and M. F. Lin, “Cerebrovascular Permeability to Rb86 in the Rat After
Exposure to Pulsed Microwaves,” Bioelectromagnetics, 5 (3), pp. 323-330, 1984.

Goldstein, L. and Z Cisko, “A Quantitative Electroencephalographic Study of the Acute Effects of X-Band
Microwaves in Rabbits,” in P. Czerski et al. (eds.), Biologic Effects and Health Hazards of Microwave Radi-
ation, Polish Medical Publishers, Warsaw, pp. 128-133, 1974.

Goodman, R., C. A. L. Bassett, and A. S. Henderson, “Pulsing Electromagnetic Fields Induce Cellular Tran-
scription,” Science, 220, pp. 1283-1285, 1983.

Gorbach, I. N., “Changes in Nervous System of Individuals Exposed to Microradiowaves for Long Period of
Time,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 7, JPRS 81865, pp. 24—
28, Sept. 27, 1982.

Gordon, C. J., “Effects of Ambient Temperature and Exposure to 2450-MHz Microwave Radiation on Evap-
orative Heat Loss in the Mouse,” Journal of Microwave Power, 17 (2), pp. 145-150, 1982.

Gordon, C. J., “Note: Further Evidence of an Inverse Relation Between Mammalian Body Mass and Sensi-
tivity to Radio-Frequency Electromagnetic Radiation,” Journal of Microwave Power, 18 (4), pp. 377-383,
1983.

Grundler, W., F. Keilmann, and H. Frohlich, “Resonant Growth Rate Response of Yeast Cells Irradiated by
Weak Microwaves,” Physics Letters, 62A (6), pp. 463—466, 1977.

Guy, A. W., P. O. Kramar, C. A. Harris, and C.-K. Chou, “Long-Term 2450-MHz CW Microwave Irradiation
of Rabbits: Methodology and Evaluation of Ocular and Physiologic Effects,” Journal of Microwave Power,
15 (1), pp. 37-44, 1980.

Guy, A. W., “Hazards of VLF Electromagnetic Fields,” in NATO AGARD Lecture Series 138, The Impact of
Proposed Radio Frequency Radiation Standards on Military Operations, pp. 9-1 to 9-20, 1985.

Hamburger, S., J. N. Logue, and P. M. Silverman, “Occupational Exposure to Non-Ionizing Radiation and an
Association with Heart Disease: An Exploratory Study,” Journal of Chronic Diseases, 36 (11), pp. 791-802,
1983.

Hamnerius, Y., H. Olofsson, A. Rasmuson, and B. Rasmuson, “A Negative Test for Mutagenic Action of
Microwave Radiation in Drosophila Melanogaster,” Mutation Research, 68 (2), pp. 217-223, 1979.

Hamnerius, Y., A. Rasmuson, and B. Rasmuson, “Biological Effects of High-Frequency Electromagnetic
Fields on Salmonella Typhimurium and Drosophila Melanogaster,” Bioelectromagnetics, 6 (4), pp. 405-414,
1985.

Hamrick, P. E. and D. I. McRee, “The Effect of 2450 MHz Microwave Irradiation on the Heart Rate of
Embryonic Quail,” Health Physics, 38, pp. 261-268, 1980.

Hill, D. A., “The Effect of Frequency and Grounding on Whole-Body Absorption of Humans in E-Polarized
Radiofrequency Fields,” Bioelectromagnetics, 5 (2), pp. 131-146, 1984.

Hill, D. A., “Further Studies of Human Whole-Body Radiofrequency Absorption Rates,” Bioelectromagnet-
ics, 6 (1), pp. 33-40, 1985.

42 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Ho, H. S. and W. P. Edwards, “The Effect of Environmental Temperature and Average Dose Rate of Micro-
wave Radiation on the Oxygen-Consumption Rate of Mice,” Radiation and Environmental Biophysics, 16,
pp. 325-338, 1979.

Huang, A. T., M. E. Engle, J. A. Elder, J. B. Kinn and T. R. Ward, “The Effect of Microwave Radiation (2450
MHz) on the Morphology and Chromosomes of Lymphocytes,” Radio Science, 12 (6S), pp. 173-177, 1977.

Huang, A. T. and N. G. Mold, “Immunologic and Hematopoietic Alterations by 2450-MHz Electromagnetic
Radiation,” Bioelectromagnetics, 1 (1), pp. 77-87, 1980.

[linger, K. H., “Spectroscopic Properties of In Vivo Biological Systems: Boson Radiative Equilibrium with
Steady-State Nonequilibrium Molecular Systems,” Bioelectromagnetics, 3 (1), pp. 9-16, 1982.

Inouye, M., N. Matsumoto, M. J. Galvin, and D. I. McRee, “Lack of Effect of 2.45-GHz Microwave Radia-
tion on the Development of Preimplantation Embryos of Mice,” Bioelectromagnetics, 3 (2), pp. 275-283,
1982.

Issel, I. and P. Emmerlich, “Lens Clouding as a Result of the Effects of Microwaves,” (English Translation of
“Linsentruebung Infolge Mikrowelleneinwirkung”), Deutsche Gesundheitswesen, 36 (18), pp. 17-19, 1981.

Jensh, R. P, I. Weinberg, and R. L. Brent, “Teratologic Studies of Prenatal Exposure of Rats to 915-MHz
Microwave Radiation,” Radiation Research, 92, pp. 160—171, 1982a.

Jensh, R. P., W. H. Vogel, and R. L. Brent, “Postnatal Functional Analysis of Prenatal Exposure of Rats to
915 MHz Microwave Radiation,” Journal of the American College of Toxicology, 1 (3), pp. 73-90, 1982b.

Jensh, R. P., I. Weinberg, and R. L. Brent, “An Evaluation of the Teratogenic Potential of Protracted Expo-
sure of Pregnant Rats to 2450-MHz Microwave Radiation: I. Morphologic Analysis at Term,” Journal of
Toxicology and Environmental Health, 11, pp. 23-35, 1983a.

Jensh, R. P, W. H. Vogel, and R. L. Brent, “An Evaluation of the Teratogenic Potential of Protracted Expo-
sure of Pregnant Rats to 2450-MHz Microwave Radiation: II. Postnatal Psychophysiologic Analysis,” Jour-
nal of Toxicology and Environmental Health, 11, pp. 37-59, 1983b.

Jensh, R. P, “Studies of the Teratogenic Potential of Exposure of Rats to 6000-MHz Microwave Radiation—
I. Morphologic Analysis at Term,” Radiation Research, 97 (2), pp. 272-281, 1984a.

Jensh, R. P, “Studies of the Teratogenic Potential of Exposure of Rats to 6000-MHz Microwave Radiation—
II. Postnatal Psychophysiologic Evaluations,” Radiation Research, 97 (2), pp. 282-301, 1984b.

Justesen, D. R., E. R. Adair, J. C. Stevens, and V. Bruce-Wolfe, “A Comparative Study of Human Sensory
Thresholds: 2450-MHz Microwaves Vs Far-Infrared Radiation,” Bioelectromagnetics, 3 (1), pp. 117-125,
1982.

Kallen, B., G. Malmquist, and U. Moritz, “Delivery Outcome Among Physiotherapists in Sweden: Is Non-
Ionizing Radiation a Fetal Hazard?,” Archives of Environmental Health, 37 (2), pp. 81-85, 1982.

Kalyada, T. V. and V. N. Nikitina, “Biological Effects of Continuous and Intermittent UHF Electromagnetic
Fields,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, JPRS L/11222, pp. 30-35,
Mar. 28, 1983.

Kalyada, T. V., V. N. Nikitina, M. L. Khaymovich, S. V. Knysh, I. I. Tsiryul’nikova, and E. Yu. Ornitsan,
“Investigation of Central and Peripheral Circulation in Women Working with Superhigh-Frequency Low-

Copyright © 1999 IEEE. All rights reserved. 43



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Intensity Fields,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, JPRS L/11222, pp.
16-20, Mar. 28, 1983a.

Kalyada, T. V., V. N. Nikitina, and V. V. Kunina, “Morbidity Involving Temporary Disability Among Women
Working with Sources of Radiowaves,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radia-
tion, JPRS L/11222, pp. 9-15, Mar. 28, 1983b.

Kaplan, J., P. Polson, C. Rebert, K. Lunan, and M. Gage, “Biological and Behavioral Effects of Prenatal and
Postnatal Exposure to 2450-MHz Electromagnetic Radiation in the Squirrel Monkey,” Radio Science, 17
(5S), pp. 135-144, 1982.

Kelley, J. T., R. Everett, E. L. Reilly, and G. S. Colton, “The Relationship Between Flash Evoked Potentials
and Evoked Amplitude Modulation Patterns of an Applied UHF Electromagnetic Field in the Rat,” Bioelec-
tromagnetics, 5 (4), pp. 365-375, 1984.

Kim, Y. A., B. S. Fomenko, T. A. Agafonova, and 1. G. Akoev, “Effects of Microwave Radiation (340 and
900 MHz) on Different Structural Levels of Erythrocyte Membranes,” Bioelectromagnetics, 6 (3), pp. 305—
312, 1985.

King, N. W., D. R. Justesen, and R. L. Clarke, “Behavioral Sensitivity to Microwave Irradiation,” Science,
172 (3982), pp. 398-401, 1971.

Kleyner, A. 1., T. A. Marchenko, and G. I. Khudorozhko, “Conditions of Permeability of Histohematic Barri-
ers and Microcirculation under the Influence of Adverse Production Factors,” Gigiena Truda I Professional-
nye Zabolevaniia, 6, pp. 44-46, 1979.

Koldayev, V. M., “Effect of Cordiamine and Mesatone on ECG Under Conditions of Acute Microwave Irra-
diation,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 10, JPRS 83745, pp.
14-18, June 23, 1983.

Kolodub, F. A. and G. I. Yevtushenko, “Biochemical Aspects of the Biological Effect of a Low-Frequency
Pulsed Electromagnetic Field,” JPRS 56583, pp. 1-7, July 24, 1972.

Kolodub, F. A. and G. 1. Yevtushenko, “The Effects of Low-Frequency Electromagnetic Field Pulses on
Skeletal Muscle Metabolism in the Rat,” Effects of Non-Ionizing Electromagnetic Radiations, JPRS 62462,
pp. 6-13, 1974.

Kolodub, F. A. and G. I. Yevtushenko, “Metabolic Disorders and the Liver Function Under the Effect of a
Low-Frequency Pulsed Electromagnetic Field,” in S. M. Mints et al. (eds.), Effects of Non-Ionizing Electro-
magnetic Radiation, JPRS 66512, pp. 83-86, 1976.

Kremer, F., C. Koschnitzke, L. Santo, P. Quick, and A. Poglitsch, “The Non-Thermal Effect of Millimeter
Wave Radiation on the Puffing of Giant Chromosomes,” Presented at the 13th European Microwave Confer-
ence, Nurenberg, FRG, pp. 859-864, Sept. 1983.

Kues, H. A., L. W. Hirst, G. A. Lutty, S. A. D’Anna, and G. R. Dunkelberger, “Effects of 2.45-GHz Micro-
waves on Primate Corneal Endothelium,” Bioelectromagnetics, 6 (2), pp. 177-188, 1985.

Kukhtina, G. V., N. B. Suvorov, N. N. Vasilevskiy, T. V. Kalyada, and V. N. Nikitina, “Neurodynamic Dis-
tinctions of the Human Brain as Related to Prolonged Contact with SHF Electromagnetic Fields,” in
U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, JPRS L/11222, pp. 21-25, Mar. 28,
1983.

44 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Lai, H., A. Horita, C.-K. Chou, and A. W. Guy, “Psychoactive-Drug Response is Affected by Acute Low-
Level Microwave Irradiation,” Bioelectromagnetics, 4 (3), pp. 205-214, 1983.

Lai, H., A. Horita, C.-K. Chou, and A. W. Guy, “Erratum to Lai, H., A. Horita, C.-K. Chou, and A. W. Guy,
1983, Bioelectromagnetics, 6 (2), p. 207, 1985.

Lai, H., A. Horita, C.-K. Chou, and A. W. Guy, “Effects of Acute Low-Level Microwaves on Pentobarbital-
Induced Hypothermia Depend on Exposure Orientation,” Bioelectromagnetics, 5 (2), pp. 203-211, 1984a.

Lai, H., A. Horita, C.-K. Chou, and A. W. Guy, “Ethanol-Induced Hypothermia and Ethanol Consumption in
the Rat Are Affected by Low-Level Microwave Irradiation,” Bioelectromagnetics, 5 (2), pp. 213-220, 1984b.

Lancranjan, 1., M. Maicanescu, E. Rafaila, I. Klepsch, and H. I. Popescu, “Gonadic Function in Workmen
with Long-Term Exposure to Microwaves,” Health Physics, 29, pp. 381-383, 1975.

Lary, J. M., D. L. Conover, E. D. Foley, and P. L. Hanser, “Teratogenic Effects of 27.12 MHz Radiofre-
quency Radiation in Rats,” Teratology, 26 (3), pp. 299-309, 1982.

Lary, J. M., D. L. Conover, P. H. Johnson, and J. R. Burg, “Teratogenicity of 27.12-MHz Radiation in Rats Is
Related to Duration of Hyperthermic Exposure,” Bioelectromagnetics, 4 (3), pp. 249-255, 1983.

Lebovitz, R. M., “Prolonged Microwave Irradiation of Rats: Effects on Concurrent Operant Behavior,” Bio-
electromagnetics, 2 (2), pp. 169185, 1981.

Lebovitz, R. M., “Pulse Modulated and Continuous Wave Microwave Radiation Yield Equivalent Changes in
Operant Behavior of Rodents,” Physiology and Behavior, 30 (6), pp. 891-898, 1983.

Lebovitz, R. M. and L. Johnson, “Testicular Function of Rats Following Exposure to Microwave Radiation,”
Bioelectromagnetics, 4 (2), pp. 107-114, 1983.

Lester, J. R. and D. F. Moore, “Cancer Mortality and Air Force Bases,” Journal of Bioelectricity, 1 (1), pp.
77-82, 1982a.

Lester, J. R. and D. F. Moore, “Cancer Incidence and Electromagnetic Radiation,” Journal of Bioelectricity,
1 (1), pp. 59-76, 1982b.

Levinson, D. M., A. M. Grove, R. L. Clarke, and D. R. Justesen, “Photic Cuing of Escape by Rats from an
Intense Microwave Field,” Bioelectromagnetics, 3 (1), pp. 105-116, 1982.

Liburdy, R. P., “Effects of Radio-Frequency Radiation on Inflammation,” Radio Science, 12 (6S), pp. 179-
183, 1977.

Liburdy, R. P, “Radiofrequency Radiation Alters the Immune System: Modulation of T- and B-Lymphocyte
Levels and Cell-Mediated Immunocompetence by Hyperthermic Radiation,” Radiation Research, 77, pp.
34-46, 1979.

Liburdy, R. P., “Radiofrequency Radiation Alters the Immune System: II. Modulation of In Vivo Lympho-
cyte Circulation,” Radiation Research, 83, pp. 66-73, 1980.

Liburdy, R. P. and A. Penn, “Microwave Bioeffects in the Erythrocyte Are Temperature and pO2 Dependent:

Cation Permeability and Protein Shedding Occur at the Membrane Phase Transition,” Bioelectromagnetics,
5 (2), pp- 283-291, 1984.

Copyright © 1999 IEEE. All rights reserved. 45



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Liburdy, R. P. and A. Wyant, “Radiofrequency Radiation and the Immune System. Part 3. In Vitro Effects on
Human Immunoglobulin and on Murine T- and B-Lymphocytes,” International Journal of Radiation Biol-
ogy, 46 (1), pp. 67-81, 1984.

Liburdy, R. P. and R. L. Magin, “Microwave-Stimulated Drug Release from Liposomes,” Radiation
Research, 103 (2), pp. 266-275, 1985.

Liburdy, R. P. and P. F. Vanek, Jr., “Microwaves and the Cell Membrane II. Temperature, Plasma, and Oxy-
gen Mediate Microwave-Induced Membrane Permeability in the Erythrocyte,” Radiation Research, 102, pp.
190-205, 1985.

Liddle, C. G., J. P. Putnam, J. S. Ali, J. Y. Lewis, B. Bell, M. W. West, and O. H. Lewter, “Alteration of Cir-
culating Antibody Response of Mice Exposed to 9-GHz Pulsed Microwaves,” Bioelectromagnetics, 1 (4),
pp. 397-404, 1980.

Lin, J. C. and W. D. Peterson, Jr., “Cytological Effects of 2450 MHz CW Microwave Radiation,” Journal of
Bioengineering, 1, pp. 471-478, 1977.

Lin, J. C, J. C. Nelson, and M. E. Ekstrom, “Effects of Repeated Exposure to 148-MHz Radio Waves on
Growth and Hematology of Mice,” Radio Science, 14 (6S), pp. 173-179, 1979.

Lin, J. C. and M. F. Lin, “Studies on Microwave and Blood-Brain Barrier Interaction,” Bioelectromagnetics,
1 (3), pp- 313-323, 1980.

Lin, J. C. and M. F. Lin, “Microwave Hyperthermia-Induced Blood-Brain Barrier Alterations,” Radiation
Research, 89, pp. 77-87, 1982.

Lin, J. C., “Pulsed Radiofrequency Field Effects in Biological Systems,” in J. C. Lin (ed.), Electromagnetic
Interaction with Biological Systems, Plenum Press, N.Y., 1989.

Liu, L. M., F. J. Rosenbaum, and W. F. Pickard, “The Insensitivity of Frog Heart Rate to Pulse Modulated
Microwave Energy,” Journal of Microwave Power, 11 (3), pp. 225-232, 1976.

Lobanova, Ye. A., I. P. Sokolova, I. A. Kitsovskaya, N. B. Rubtsova, and Ye. K. Lebed’, “Dependence of Bio-
logical Effects of Microwave Irradiation on Exposure Intensity and Duration,” in U.S.S.R. Report, Effects of
Nonionizing Electromagnetic Radiation, No. 10, JPRS 83745, pp. 29-36, June 23, 1983.

Lords, J. L., C. H. Durney, A. M. Borg, and C. E. Tinney, “Rate Effects in Isolated Hearts Induced by Micro-
wave Irradiation,” IEEE Transactions on Microwave Theory and Techniques, MTT-21 (12), pp. 834-836,
1973.

Lotz, W. G. and S. M. Michaelson, “Temperature and Corticosterone Relationships in Microwave-Exposed
Rats,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Physiology, 44 (3), pp.
438-445, 1978.

Lotz, W. G. and S. M. Michaelson, “Effects of Hypophysectomy and Dexamethasone on Rat Adrenal
Response to Microwaves,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Physi-

ology, 47 (6), pp. 1284-1288, 1979.

Lotz, W. G., “Hyperthermia in Radiofrequency-Exposed Rhesus Monkeys: A Comparison of Frequency and
Orientation Effects,” Radiation Research, 102, pp. 59-70, 1985.

Lu, S.-T., N. Lebda, S. M. Michaelson, S. Pettit, and D. Rivera, “Thermal and Endocrinological Effects of
Protracted Irradiation of Rats by 2450-MHz Microwaves,” Radio Science, 12 (6S), pp. 147-156, 1977.

46 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Lu, S.-T., N. Lebda, S. Pettit, and S. M. Michaelson, “Delineating Acute Neuroendocrine Responses in
Microwave-Exposed Rats,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Phys-
iology, 48 (6), pp. 927-932, 1980.

Lu, S.-T., N. Lebda, S. M. Michaelson, and S. Pettit, “Serum-Thyroxine Levels in Microwave-Exposed
Rats,” Radiation Research, 101, pp. 413-423, 1985.

Lyle, D. P, P. Schechter, W. R. Adey, and R. L. Lundak, “Suppression of T-Lymphocyte Cytotoxicity Fol-
lowing Exposure to Sinusoidally Amplitude-Modulated Fields,” Bioelectromagnetics, 4 (3), pp. 281-292,
1983.

Marha, K. and J. Musil, “The Cell as an Electric Circuit I. Theoretical Study,” Biophysics, 22 (5), pp. 845—
853, 1977 (English Translation of Biofizika, pp. 816-820).

Mayers, C. P. and J. A. Habeshaw, “Depression of Phagocytosis: A Non-Thermal Effect of Microwave Radi-
ation as a Potential Hazard to Health,” International Journal of Radiation Biology, 24 (5), pp. 449461,
1973.

McAfee, R. D., A. Longacre, Jr., R. R. Bishop., S. T. Elder, J. G. May, M. G. Holland, and R. Gordon,
“Absence of Ocular Pathology After Repeated Exposure of Unanesthetized Monkeys to 9.3-GHz Micro-
waves,” Journal of Microwave Power, 14 (1), pp. 41-44, 1979.

McRee, D. 1. and H. Wachtel, “The Effects of Microwave Radiation on the Vitality of Isolated Frog Sciatic
Nerves,” Radiation Research, 82, pp. 536546, 1980.

McRee, D. 1., R. Faith, E. E. McConnell, and A. W. Guy, “Long-Term 2450-MHz CW Microwave Irradia-
tion of Rabbits: Evaluation of Hematological and Immunological Effects,” Journal of Microwave Power, 15

(1), pp. 45-52, 1980.

McRee, D. I., G. MacNichols, and G. K. Livingston, “Incidence of Sister Chromatid Exchange in Bone Mar-
row Cells of the Mouse Following Microwave Exposure,” Radiation Research, 85, pp. 340-348, 1981.

McRee, D. 1. and H. Wachtel, “Pulse Microwave Effects on Nerve Vitality,” Radiation Research, 91, pp.
212-218, 1982.

McRee, D. I. and H. G. Davis, “Whole-Body and Local Dosimetry in Rats Exposed to 2.45-GHz Microwave
Radiation,” Health Physics, 46 (2), pp. 315-320, 1984.

Melnick, R. L., C. P. Rubenstein, and L. Birenbaum, “Effects of Millimeter Wave Irradiation on ATP Synthe-
sis and Calcium Transport in Mitochondria,” Radiation Research, 89, pp. 348-360, 1982.

Merritt, J. H., A. F. Chamness, and S. J. Allen, “Studies on Blood-Brain Barrier Permeability After Micro-
wave-Radiation,” Radiation and Environmental Biophysics, 15, pp. 367-377, 1978.

Merritt, J. H., W. W. Shelton, and A. F. Chamness, “Attempts to Alter 45Ca++ Binding to Brain Tissue with
Pulse-Modulated Microwave Energy,” Bioelectromagnetics, 3 (4), pp. 475-478, 1982.

Merritt, J. H., K. A. Hardy, and A. F. Chamness, “In Utero Exposure to Microwave Radiation and Rat Brain
Development,” Bioelectromagnetics, 5 (3), pp. 315-322, 1984.

Mikolajczyk, H. J., “Microwave Irradiation and Endocrine Functions,” in P. Czerski et al. (eds.), Biologic
Effects and Health Hazards of Microwave Radiation, Polish Medical Publishers, Warsaw, pp. 46-51, 1974.

Copyright © 1999 IEEE. All rights reserved. 47



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Mikolajeczyk, H. J., “Microwave-Induced Shifts of Gonadotropic Activity in Anterior Pituitary Gland of
Rats,” in C. C. Johnson and M. Shore (eds.), Biological Effects of Electromagnetic Waves, U.S. Department
of Health, Education, and Welfare, HEW Publication (FDA) 77-8010, pp. 377-383, 1976.

Milham, S., Jr., “Mortality from Leukemia in Workers Exposed to Electrical and Magnetic Fields,” New
England Journal of Medicine, 304, p. 249, 1982.

Millar, D. B., J. P. Christopher, J. Hunter, and S. S. Yeandle, ”The Effect of Exposure of Acetylcholinesterase
to 2450-MHz Microwave Radiation,” Bioelectromagnetics, 5 (2), pp. 165-172, 1984.

Mitchell, D. S., W. G. Switzer, and E. L. Bronaugh, "Hyperactivity and Disruption of Operant Behavior in
Rats After Multiple Exposures to Microwave Radiation,* Radio Science, 12 (6S), pp. 263-271, 1977.

Moe, K. E., R. H. Lovely, D. E. Myers, and A. W. Guy, “Physiological and Behavioral Effects of Chronic
Low-Level Microwave Radiation in Rats,” in C. C. Johnson and M. Shore (eds.), Biological Effects of Elec-
tromagnetic Waves, U.S. Department of Health, Education, and Welfare, Washington, D.C., HEW Publica-
tion (FDA) 77-8010, pp. 248-256, 1976.

Monahan, J. C. and H. S. Ho, “The Effect of Ambient Temperature on the Reduction of Microwave Energy
Absorption by Mice,” Radio Science, 12 (6S), pp. 257-262, 1977.

Monahan, J. C. and W. W. Henton, “Free-Operant Avoidance and Escape from Microwave Radiation,” in D.
G. Hazzard (ed.), Symposium on Biological Effects and Measurement of Radio Frequency/Microwaves, U.S.
Department of Health, Education, and Welfare, HEW Publication (FDA) 77-8026, pp. 23-33, 1977a.

Monahan, J. C. and W. W. Henton, “Microwave Absorption and Taste Aversion as a Function of 915 MHz
Radiation,” in D. G. Hazzard (ed.), Symposium on Biological Effects and Measurement of Radio Frequency/
Microwaves, U.S. Department of Health, Education, and Welfare, HEW Publication (FDA) 77-8026, pp. 34—
40, 19770.

Monahan, J. C. and W. W. Henton, “The Effect of Psychoactive Drugs on Operant Behavior Induced by
Microwave Radiation,” Radio Science, 14 (6S), pp. 233-238, 1979.

Moore, H. A., R. Raymond, M. Fox, and A. G. Galsky, “Low-Intensity Microwave Radiation and the Viru-
lence of Agrobacterium Tumefaciens Strain,” Applied Environmental Microbiology, 37, pp. 127-130, 1979.

Motzkin, S. M., R. L. Melnick, C. Rubenstein, S. Rosenthal, and L. Birenbaum, “Effects of Millimeter Wave
Irradiation on Mitochondral Oxidative Phosphorylation and Ca++ Transport,” Proceedings of URSI Interna-
tional Symposium on Electromagnetic Waves and Biology, June—July 1980, Paris, France, pp. 109-115,
1980.

Musil, J. and K. Marha, “The Cell as an Electric Circuit— Voltage Gain,” Biophysics, 24 (1), pp. 111-115,
1979 (English Translation of Biofizika, pp. 108—112).

Nawrot, P. S., D. I. McRee, and R. E. Staples, “Effects of 2.45 GHz CW Microwave Radiation on Embryofe-
tal Development in Mice,” Teratology, 24 (3), pp. 303-314, 1981.

Nawrot, P. S., D. I. McRee, and M. J. Galvin, “Teratogenic, Biochemical, and Histological Studies with
Mice Prenatally Exposed to 2.45-GHz Microwave Radiation,” Radiation Research, 102, pp. 35-45, 1985.

Nikitina, V. N. and T. V. Kalyada, “Experimental Study of Effects of Low-Intensity Microwaves on the Car-

diovascular System,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, JPRS L/11222,
pp. 36-39, Mar. 28, 1983.

48 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Nikitina, V. N., T. V. Kalyada, G. G. Shaposhnik, and G. A. Matveyev, “Experimental Study of Local Effects
of SHF Electromagnetic Field by the Thermography Method,” in U.S.S.R. Report, Effects of Nonionizing
Electromagnetic Radiation, JPRS L/11222, pp. 26-29, Mar. 28, 1983.

Olcerst, R. B., S. Belman, M. Eisenbud, W. W. Mumford, and J. R. Rabinowitz, “The Increased Passive
Efflux of Sodium and Rubidium from Rabbit Erythrocytes by Microwave Radiation,” Radiation Research,
82 (2), pp. 244-256, 1980.

Ortner, M. J., M. J. Galvin, and D. I. McRee, “Studies on Acute In Vivo Exposure of Rats to 2450-MHz
Microwave Radiation— 1. Mast Cells and Basophils,” Radiation Research, 86, pp. 580-588, 1981.

Ortner, M. J., M. J. Galvin, and R. D. Irwin, “The Effect of 2450-MHz Microwave Radiation During Micro-
tubular Polymerization In Vitro,” Radiation Research, 93, pp. 353-363, 1983.

Oscar, K. J. and T. D. Hawkins, “Microwave Alteration of the Blood-Brain Barrier System of Rats,” Brain
Research, 126, pp. 281-293, 1977.

Oscar, K. J., S. P. Gruenau, M. T. Folker, and S. I. Rapoport, “Local Cerebral Blood Flow After Microwave
Exposure,” Brain Research, 204 (1), pp. 220-225, 1981.

Ostrovskaya, I. S., L. N. Yashina, and G. L. Yevtushenko, “Changes in the Testes Due to the Effect of a Low-
Frequency Pulsed Electromagnetic Field on the Animal Organism,” in S. M. Mints et al. (eds.), Effects of
Non-lonizing Electromagnetic Radiation, JPRS 66512, pp. 51-55, 1976.

Ottenbreit, M. J., J. C. Lin, S. Inoue, and W. D. Peterson, Jr., “In Vitro Microwave Effects on Human Neutro-
phil Precursor Cells (CFU-C),” Bioelectromagnetics, 2 (3), pp. 203-215, 1981.

Pappas, B. A., H. Anisman, R. Ings, and D. A. Hill, “Acute Exposure to Pulsed Microwaves Affects Neither
Pentylenetetrazol Seizures in the Rat Nor Chlordiazepoxide Protection Against Such Seizures,” Radiation
Research, 96 (3), pp. 486-496, 1983.

Partlow, L. M., L. G. Bush, L. J. Stensaas, D. W. Hill, A. Riazi, and O. P. Gandhi, “Effects of Millimeter-
Wave Radiation on Monolayer Cell Cultures. I. Design and Validation of a Novel Exposure System,” Bio-
electromagnetics, 2 (2), pp. 123-140, 1981.

Peters, W. J., R. W. Jackson, and K. Iwano, “Effect of Controlled Electromagnetic Radiation on the Growth
of Cells in Tissue Culture,” Journal of Surgical Research, 27, pp. 8—13, 1979.

Peterson, D. J., L. M. Partlow, and O. P. Gandhi, “An Investigation of the Thermal and Athermal Effects of
Microwave Irradiation on Erythrocytes,” IEEE Transactions on Biomedical Engineering, BME-26 (7), pp.
428-436, 1979.

Phillips, R. D., E. L. Hunt, R. D. Castro, and N. W. King, “Thermoregulatory, Metabolic, and Cardiovascular
Response of Rats to Microwaves,” Journal of Applied Physiology, 38 (4), pp. 630-635, 1975.

Pickard, W. F. and R. G. Olsen, “Developmental Effects of Microwaves on Tenebrio: Influences of Culturing
Protocol and of Carrier Frequency,” Radio Science, 14 (6S), pp. 181-185, 1979.

Presman, A. S. and N. A. Levitina, “Nonthermal Action of Microwaves on Cardiac Rhythm—Comm. I: A
Study of the Action of Continuous Microwaves,” Bulletin of Experimental Biology and Medicine, 53 (1), pp.
36-39, 1963a (English Translation of pp. 41-44 of 1962a Russian publication).

Presman, A. S. and N. A. Levitina, “Nonthermal Action of Microwaves on the Rhythm of Cardiac Contrac-
tions in Animals—Rep. II: Investigation of the Action of Impulse Microwaves,” Bulletin of Experimental

Copyright © 1999 IEEE. All rights reserved. 49



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Biology and Medicine, 53 (2), pp. 154-157, 1963b (English Translation of pp. 39—-43 of 1962b Russian pub-
lication).

Preston, E., E. J. Vavasour, and H. M. Assenheim, “Permeability of the Blood-Brain Barrier to Mannitol in
the Rat Following 2450 MHz Microwave Irradiation,” Brain Research, 174, pp. 109-117, 1979.

Ragan, H. A., R. D. Phillips, R. L. Buschbom, R. H. Busch, and J. E. Morris, “Hematologic and Immuno-
logic Effects of Pulsed Microwaves in Mice,” Bioelectromagnetics, 4 (4), pp. 383-396, 1983.

Rama Rao, G., C. A. Cain, J. Lockwood, and W. A. F. Tompkins, “Effects of Microwave Exposure on the
Hamster Immune System. II. Peritoneal Macrophage Function,” Bioelectromagnetics, 4 (2), pp. 141-155,
1983.

Rama Rao, G., C. A. Cain, and W. A. F. Tompkins, “Effects of Microwave Exposure on the Hamster Immune
System. III. Macrophage Resistance to Vesicular Stomatitis Virus Infection,” Bioelectromagnetics, 5 (4), pp.
377-388, 1984.

Rama Rao, G., C. A. Cain, and W. A. F. Tompkins, “Effects of Microwave Exposure on the Hamster Immune
System. IV. Spleen Cell IgM Hemolytic Plaque Formation,” Bioelectromagnetics, 6 (1), pp. 41-52, 1985.

Reed, J. R. II1, J. L. Lords, and C. H. Durney, “Microwave Irradiation of the Isolated Rat Heart After Treat-
ment with ANS Blocking Agents,” Radio Science, 12 (6S), pp. 161-165, 1977.

Rogers, S. J., “Radiofrequency Burn Hazards in the MF/HF Band,” in J. C. Mitchell (ed.), Proceedings of a
Workshop on the Protection of Personnel Against Radiofrequency Electromagnetic Radiation, Aeromedical
Review 3-81, USAF School of Aerospace Medicine, Brooks AFB, TX, pp. 76-89, 1981.

Rotkiewicz, W., “Protection of Man from Harmful Effects of Artificial and Natural Earth Electromagnetic
Fields,” Pomiary Automatyka Kontrola, 28 (7), pp. 197-200, 1982.

Rotkovska, D., A. Vacek, and A. Bartonickova, “Effects of Microwave Radiation on Mouse Hemopoietic
Stem Cells and on Animal Resistance to Ionizing Radiation,” in U.S.S.R. Report, Effects of Nonionizing
Electromagnetic Radiation, No. 6, JPRS 81300, pp. 64—69, July 16, 1982.

Rudakov, 1. A., S. F. Rudakova, I. V. Rozhinskaya, and O. S. Ogurtsova, “Effect of Single Exposure to
Microwaves on Quantity and Functional Properties of T and B Lymphocytes of Guinea Pig and Mouse
Spleen,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 6, JPRS 81300, pp. 70—
74, July 16, 1982.

Rudnev, M. L., N. Ye. Tarasyuk, and A. D. Kulikova, “Effect of Low-Intensity Superhigh-Frequency Energy
on Respiration and Oxidative Phosphorylation of Organ Mitochondria and Activity of Some Blood
Enzymes,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 10, JPRS 83745, pp.
5-8, June 23, 1983.

Sanders, A. P, D. J. Schaefer, and W. T. Joines, “Microwave Effects on Energy Metabolism of Rat Brain,*
Bioelectromagnetics, 1 (2), pp. 171-181, 1980.

Sanders, A. P., W. T. Joines, and J. W. Allis, “The Differential Effects of 200, 591, and 2450 MHz Radiation
on Rat Brain Energy Metabolism,” Bioelectromagnetics, 5 (4), pp. 419-433, 1984.

Sanders, A. P., W. T. Joines, and J. W. Allis, “Effects of Continuous-Wave, Pulsed, and Sinusoidal-Ampli-
tude-Modulated Microwaves on Brain Energy Metabolism,* Bioelectromagnetics, 6 (1), pp. 89-97, 1985.

50 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Santini, R., “Effect of Low-Level Microwave Irradiation on the Duodenal Electrical Activity of the Unanes-
thetized Rat,” Journal of Microwave Power, 17 (4), pp. 329-334, 1982.

Saunders, R. D. and C. I. Kowalczuk, “Effects of 2.45 GHz Microwave Radiation and Heat on Mouse Sper-
matogenic Epithelium,” International Journal of Radiation Biology, 40 (6), pp. 623-632, 1981.

Saunders, R. D., S. C. Darby, and C. I. Kowalczuk, “Dominant Lethal Studies in Male Mice After Exposure
to 2.45 GHz Microwave Radiation,” Mutation Research, 117, pp. 345-356, 1983.

Schlagel, C. J., K. Sulek, H. S. Ho, W. M. Leach, A. Ahmed, and J. N. Woody, “Biologic Effects of Micro-
wave Exposure. II. Studies on the Mechanisms Controlling Susceptibility to Microwave-Induced Increases
in Complement Receptor-Positive Spleen Cells,” Bioelectromagnetics, 1 (4), pp. 405-414, 1980.

Schrot, J., J. R. Thomas, and R. A. Banvard, “Modification of the Repeated Acquisition of Response
Sequences in Rats by Low-Level Microwave Exposure,” Bioelectromagnetics, 1 (1), pp. 89-99, 1980.

Seaman, R. L. and H. Wachtel, “Slow and Rapid Responses to CW and Pulsed Microwave Radiation by
Individual Aplysia Pacemakers,” Journal of Microwave Power, 13 (1), pp. 77-86, 1978.

Serdyuk, A. M. and L. G. Andriyenko, “Effect of Electromagnetic Energy on Generative Function of Ani-
mals,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, JPRS 84527, pp. 16-20, Oct.
13, 1983.

Shandala, M. G., U. D. Dumanskii, M. I. Rudnev, L. K. Ershova, and 1. P. Los, “Study of Nonionizing
Microwave Radiation Effects Upon the Central Nervous System and Behavior Reactions,” Environmental
Health Perspectives, 30, pp. 115-121, 1979.

Shandala, M. G. and G. 1. Vinogradov, “Autoallergic Effects of Microwave Electromagnetic Energy and
Their Influence on the Fetus and Offspring,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic
Radiation, No. 10, JPRS 83745, pp. 1-4, June 23, 1983.

Shandala, M. G., Ye. N. Antipenko, I. V. Koveshnikova, and O. I. Timchenko, “Genetic Danger of Non-Ther-
mal Intensity Microradio Waves and Its Hygienic Aspects,” in U.S.S.R. Report, Effects of Nonionizing Elec-
tromagnetic Radiation, No. 10, JPRS 83745, pp. 64-70, June 23, 1983.

Shelton, W. W., Jr. and J. H. Merritt, “In Vitro Study of Microwave Effects on Calcium Efflux in Rat Brain
Tissue,” Bioelectromagnetics, 2 (2), pp. 161-167, 1981.

Sheppard, A. R., S. M. Bawin, and W. R. Adey, “Models of Long-Range Order in Cerebral Macromolecules:
Effects of Sub-ELF and of Modulated VHF and UHF Fields,” Radio Science, 14 (6S), pp. 141-145, 1979.

Shnyrov, V. L., G. G. Zhadan, and I. G. Akoev, “Calorimetric Measurements of the Effect of 330-MHz
Radiofrequency Radiation on Human Erythrocyte Ghosts,” Bioelectromagnetics, 5 (4), pp. 411-418, 1984.

Shore, M. L., R. P. Felten, and A. Lamanna, “The Effect of Repetitive Prenatal Low-Level Microwave Expo-
sure on Development in the Rat,” in D. G. Hazzard (ed.), Symposium on Biological Effects and Measurement
of Radio Frequency/Microwaves, U.S. Department of Health, Education, and Welfare, HEW Publication
(FDA) 77-8026, pp. 280-289, 1977.

Shutenko, O. 1., Kozyarin, and I. I. Shvayko, “Effects of Superhigh Frequency Electromagnetic Fields on

Animals of Different Ages,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 6,
JPRS 81300, pp. 85-90, July 16, 1982.

Copyright © 1999 IEEE. All rights reserved. 51



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Smialowicz, R. J., J. B. Kinn, and J. A. Elder, “Perinatal Exposure of Rats to 2450-MHz CW Microwave
Radiation: Effects on Lymphocytes,” Radio Science, 14 (6S), pp. 147-153, 1979.

Smialowicz, R. J., K. L. Compton, M. M Riddle, R. R. Rogers, and P. L. Brugnolotti, “Microwave Radiation
(2450 MHz) Alters the Endotoxin-Induced Hypothermic Response of Rats,” Bioelectromagnetics, 1 (4), pp.
353-361, 1980.

Smialowicz, R. J., M. M. Riddle, P. L. Brugnolotti, R. R. Rogers, and K. L. Compton, “Detection of Micro-
wave Heating in 5-Hydroxytryptamine-Induced Hypothermic Mice,” Radiation Research, 88 (1), pp. 108—
117, 1981a.

Smialowicz, R. J., J. S. Ali, E. Berman, S. J. Bursian, J. B. Kinn, C. G. Liddle, L. W. Reiter, and C. M. Welil,
“Chronic Exposure of Rats to 100-MHz (CW) Radiofrequency Radiation: Assessment of Biological
Effects,” Radiation Research, 86, pp. 488-505, 1981b.

Smialowicz, R. J., B. L. Brugnolotti, and M. M. Riddle, “Complement Receptor Positive Spleen Cells in
Microwave (2450-MHz)-Irradiated Mice,” Journal of Microwave Power, 16 (1), pp. 73-77, 1981c.

Smialowicz, R. J., C. M. Weil, P. Marsh, M. M. Riddle, R. R. Rogers, and B. F. Rehnberg, “Biological
Effects of Long-Term Exposure of Rats to 970-MHz Radiofrequency Radiation,” Bioelectromagnetics, 2 (3),
pp. 279-284, 1981d.

Smialowicz, R. J., C. M. Weil, J. B. Kinn, and J. A. Elder, “Exposure of Rats to 425-MHz (CW) Radiofre-
quency Radiation: Effects on Lymphocytes,” Journal of Microwave Power, 17 (3), pp. 211-221, 1982a.

Smialowicz, R. J., M. M. Riddle, R. R. Rogers, and G. A. Stott, “Assessment of Immune Function Develop-
ment in Mice Irradiated In Utero with 2450-MHz Microwaves,” Journal of Microwave Power, 17 (2), pp.
121-126, 1982b.

Smialowicz, R. J., M. M. Riddle, C. M. Weil, P. L. Brugnolotti, and J. B. Kinn, “Assessment of the Immune
Responsiveness of Mice Irradiated with Continuous Wave or Pulse-Modulated 425-MHz Radio Frequency
Radiation,” Bioelectromagnetics, 3 (4), pp. 467—470, 1982c.

Smialowicz, R. J., R. R. Rogers, R. J. Garner, M. M. Riddle, R. W. Luebke, and D. G. Rowe, “Microwaves
(2450 MHz) Suppress Murine Natural Killer Cell Activity,” Bioelectromagnetics, 4 (4), pp. 371-381, 1983.

Sorokina, Ye. I., N. B. Poshkus, Yu. Yu. Tupitsina, L. P. Volkova, A. V. Shubina, and V. Ye. Krasnikov,
“Effects of Decimeter Waves on Functional State of Cardiovascular System, Some Biochemical and Immu-
nological Parameters of Patients Recovering from Myocardial Infarction,” in Effects of Nonionizing Electro-
magnetic Radiation, JPRS 83601, pp. 1-5, June 3, 1983.

Stefanov, B., I. Zlatarov, and S. Solakova, “Study of the Action of Electromagnetic Waves at Various
Regions of the Radio Band on Some Functional Indices in Workers,” English Translation of Sofia Higiena I
Zdraveopazvane, No. 5, pp. 443-446, 1973.

Stensaas, L. J., L. M. Partlow, L. G. Bush, P. L. Iverson, D. W. Hill, M. J. Hagmann, and O. P. Gandhi,
“Effects of Millimeter-Wave Radiation on Monolayer Cell Cultures. II. Scanning and Transmission Electron

Microscopy,” Bioelectromagnetics, 2 (2), pp. 141-150, 1981.

Stern, S., L. Margolin, B. Weiss, S.-T. Lu, and S. M. Michaelson, “Microwaves: Effect on Thermoregulatory
Behavior in Rats,” Science, 206, pp. 1198-1201, 1979.

Stuchly, S. S., A. Kraszewski, M. A. Stuchly, G. Hartsgrove, and D. Adamski, “Energy Deposition in a
Model of Man in the Near Field,” Bioelectromagnetics, 6 (2), pp. 115-129, 1985.

52 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Sulek, K., C. J. Schlagel, W. Wiktor-Jedrzejczak, H. S. Ho, W. M. Leach, A. Ahmed, and J. N. Woody, “Bio-
logic Effects of Microwave Exposure: I. Threshold Conditions for the Induction of the Increase in Comple-
ment Receptor Positive (CR+) Mouse Spleen Cells Following Exposure to 2450-MHz Microwaves,”
Radiation Research, 83, pp. 127-137, 1980.

Sultan, M. F,, C. A. Cain, and W. A. F. Tompkins, “Effects of Microwaves and Hyperthermia on Capping of
Antigen-Antibody Complexes on the Surface of Normal Mouse B Lymphocytes,” Bioelectromagnetics, 4
(2), pp. 115-122, 1983a.

Sultan, M. F,, C. A. Cain, and W. A. F. Tompkins, “Immunological Effects of Amplitude-Modulated Radio
Frequency Radiation: B Lymphocyte Capping,” Bioelectromagnetics, 4 (2), pp. 157-165, 1983b.

Sutton, C. H. and F. B. Carroll, “Effects of Microwave-Induced Hyperthermia on the Blood-Brain Barrier of
the Rat,” Radio Science, 14 (6S), pp. 329-334, 1979.

Sutton, C. H., Q. Balzano, O. Garay, and F. B. Carroll, “Studies of Long-Term Exposure of the Porcine Brain
to Radiation from Two-Way Portable Radios,” Journal of Microwave Power, 17 (4), pp. 280-281, 1982.

Switzer, W. G. and D. S. Mitchell, “Long-Term Effects of 2.45-GHz Radiation on the Ultrastructure of the
Cerebral Cortex and on the Hematologic Profiles of Rats,” Radio Science, 12 (6S), pp. 287-293, 1977.

Szmigielski, S., “Effect of 10-Cm (3 GHz) Electromagnetic Radiation (Microwaves) on Granulocytes In
Vitro,” in P. Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 275-281, 1975.

Szmigielski, S., J. Jeljazewicz, and M. Wiranowska, “Acute Staphylococcal Infections in Rabbits Irradiated
with 3-GHz Microwaves,” in P. Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 305-311,
1975a.

Szmigielski, S., M. Luczak, and M. Wiranowska, “Effect of Microwaves on Cell Function and Virus Repli-
cation in Cell Cultures Irradiated In Vitro,” in P. Tyler, (ed.), Annals of the N.Y. Academy of Sciences, 247,
pp- 263-274, 1975b.

Szmigielski, S., W. Roszkowski, M. Kobus, and J. Jeljaszewicz, “Modification of Experimental Acute Sta-
phylococcal Infections by Long-Term Exposition to Non-Thermal Microwaves or Whole Body Microwave
Hyperthermia,” Proceedings of URSI International Symposium on Electromagnetic Waves and Biology
(June—July 1980), Paris, France, pp. 127-132, 1980.

Szmigielski, S., A. Szudzinski, A. Pietraszek, M. Bielec, M. Janiak, and J. K. Wrembel, “Accelerated Devel-
opment of Spontaneous and Benzopyrene-Induced Skin Cancer in Mice Exposed to 2450-MHz Microwave

Radiation,” Bioelectromagnetics, 3 (2), pp. 179-191, 1982.

Takashima, S., “Studies on the Effect of Radio-Frequency Waves on Biological Macromolecules,” IEEE
Transactions on Biomedical Engineering, BME-13 (1), pp. 28-31, 1966.

Takashima, S., B. Onaral, and H. P. Schwan, “Effects of Modulated RF Energy on the EEG of Mammalian
Brains,” Radiation and Environmental Biophysics, 16, pp. 15-27, 1979.

Takashima, S. and T. Asakura, “Desickling of Sickled Erythrocytes by Pulsed Radio-Frequency Field,” Sci-
ence, 220, pp. 411413, 1983.

Taylor, L. S., “The Mechanisms of Athermal Microwave Biological Effects,” Bioelectromagnetics, 2 (3), pp.
259-267, 1981.

Copyright © 1999 IEEE. All rights reserved. 53



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Thomas, J. R., E. D. Finch, D. W. Fulk, and L. S. Burch, “Effects of Low-Level Microwave Radiation on
Behavioral Baselines,” in P. Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 425-432, 1975.

Thomas, J. R., S. S. Yeandle, and L. S. Burch, “Modification of Internal Discriminative Stimulus Control of
Behavior by Low Levels of Pulsed Microwave Radiation,” in C. C. Johnson and M. Shore (eds.), Biological
Effects of Electromagnetic Waves, U.S. Department of Health, Education, and Welfare, Washington, D.C.,
HEW Publication (FDA) 77-8010, pp. 201-214, 1976.

Thomas, J. R. and G. Maitland, “Microwave Radiation and Dextroamphetamine: Evidence of Combined
Effects on Behavior of Rats,” Radio Science, 14 (6S), pp. 253-258, 1979.

Thomas, J. R., L. S. Burch, and S. S. Yeandle, “Microwave Radiation and Chlordiazepoxide: Synergistic
Effects on Fixed-Interval Behavior,” Science, 203, pp. 1357-1358, 1979.

Thomas, J. R., J. Schrot, and R. A. Banvard, “Behavioral Effects of Chlorpromazine and Diazepam Com-
bined with Low-Level Microwaves,” Neurobehavioral Toxicology, 2, pp. 131-135, 1980.

Thomas, J. R., J. Schrot, and R. A. Banvard, “Comparative Effects of Pulsed and Continuous-Wave 2.8-GHz
Microwaves on Temporally Defined Behavior,” Bioelectromagnetics, 3 (2), pp. 227-235, 1982.

Tinney, C. E., J. L. Lords, and C. H. Durney, “Rate Effects in Isolated Turtle Hearts Induced by Microwave
Irradiation,” IEEE Transactions on Microwave Theory and Techniques, MTT-24 (1), pp. 18-24, 1976.

Tofani, S., G. Agnesod, P. Ossola, S. Ferrini, and R. Bussi, “Effects of Continuous Low-Level Exposure to
Radiofrequency Radiation on Intrauterine Development in Rats,” Health Physics, 51 (4), pp. 489-499, 1986.

Trinos, M. S. and Ye. A. Oderiy, “State of Hepatic Circulation in Response to Combined Effect of Lead and
Electromagnetic Fields,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation, No. 10,
JPRS 83745, pp. 4144, June 23, 1983.

Wachtel, H., R. Seaman, and W. Joines, “Effects of Low-Intensity Microwaves on Isolated Neurons,” in P.
Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 46—62, 1975.

Wangemann, R. T. and S. F. Cleary, “The In Vivo Effects of 2.45 GHz Microwave Radiation on Rabbit
Serum Components and Sleeping Times,” Radiation and Environmental Biophysics, 13, pp. 89—103, 1976.

Ward, T. R., J. A. Elder, M. D. Long, and D. Svendsgaard, “Measurement of Blood-Brain Barrier Permeation
in Rats During Exposure to 2450-MHz Microwaves,” Bioelectromagnetics, 3 (3), pp. 371-383, 1982.

Ward, T. R. and J. S. Ali, “Blood-Brain Barrier Permeation in the Rat During Exposure to Low-Power 1.7-
GHz Microwave Radiation,” Bioelectromagnetics, 6 (2), pp. 131-143, 1985.

Webb, S. J. and M. E. Stoneham, “Resonances Between 100 and 1000 GHz in Active Bacterial Cells as Seen
by Laser Raman Spectroscopy,” Physics Letters, 60A (3), pp. 267-268, 1977.

Webb, S. J., M. E. Stoneham, and H. Frohlich, “Evidence for Non-Thermal Excitation of Energy Levels in
Active Biological Systems,” Physics Letters, 63A (3), pp. 407408, 1977.

Weil, C. M., R. J. Spiegel, and W. T. Joines, “Internal Field Strength Measurements in Chick Forebrains at
50, 147, and 450 MHz,” Bioelectromagnetics, 5 (3), pp- 293-304, 1984.

Wike, E. L. and E. J. Martin, “Comments on Frey’s ‘Data Analysis Reveals Significant Microwave-Induced
Eye Damage in Humans,”” Journal of Microwave Power, 20 (3), pp. 181-184, 1985.

54 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Wiktor-Jedrzejczak, W., A. Ahmed, P. Czerski, W. M. Leach, and K. W. Sell, “Effect of Microwaves (2450-
MHz) on the Immune System in Mice: Studies of Nucleic Acid and Protein Synthesis,” Bioelectromagnetics,
1 (2), pp. 161-170, 1980.

Williams, W. M., W. Hoss, M. Formaniak, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy
on the Blood-Brain Barrier to Hydrophilic Molecules. A. Effect on the Permeability to Sodium Fluorescein,”
Brain Research Review, 7, pp. 165-170, 1984a.

Williams, W. M., M. del Cerro, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy on the
Blood-Brain Barrier to Hydrophilic Molecules. B. Effect on the Permeability to HRP,” Brain Research
Review, 7, pp. 171-181, 1984b.

Williams, W. M., J. Platner, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy on the Blood-
Brain Barrier to Hydrophilic Molecules. C. Effect on the Permeability to C14 Sucrose,” Brain Research
Review, 7, pp. 183-190, 1984c.

Williams, W. M., S.-T. Lu, M. del Cerro, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy on
the Blood-Brain Barrier to Hydrophilic Molecules. D. Brain Temperature and Blood-Brain Barrier Perme-
ability to Hydrophilic Tracers,” Brain Research Review, 7, pp. 191-212, 1984d.

Wong, L. S., J. H. Merritt, and J. L. Kiel, “Effects of 20-MHz Radiofrequency Radiation on Rat Hematol-
ogy, Splenic Function, and Serum Chemistry,” Radiation Research, 103 (2), pp. 186195, 1985.

Wright, N. A., R. G. Borland, J. H. Cookson, R. F. Coward, J. A. Davies, A. N. Nicholson, J. L. Christie, N.

G. Flanagan, and V. D. Goodridge, “Biological Studies with Continuous-Wave Radiofrequency (28 MHz)
Radiation,” Radiation Research, 97 (3), pp. 468-477, 1984.

Wu, T. M. and S. Austin, “Biological Bose Condensation and the Time Threshold for Biological Effects,”
Physics Letters, T3A (3), pp. 266268, 1979.

Yang, H. K., C. A. Cain, J. Lockwood, and W. A. F. Tompkins, “Effects of Microwave Exposure on the Ham-
ster Immune System. I. Natural Killer Cell Activity,” Bioelectromagnetics, 4 (2), pp. 123-139, 1983.

Ye, K. C., C.-K. Chou, and A. W. Guy, “Effect of Microwave Radiation on the Beating Rate of Isolated Frog
Hearts,” Bioelectromagnetics, 5 (2), pp. 263270, 1984.

Copyright © 1999 IEEE. All rights reserved. 55



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Annex C

(informative)

Final list of papers reviewed for IEEE C95.1-1991

Abhold, R. H., M. J. Ortner, M. J. Galvin, and D. I. McRee, “Studies on Acute In Vivo Exposure of Rats to
2450-MHz Microwave Radiation: II. Effects on Thyroid and Adrenal Axes Hormones,” Radiation Research,
88 (3), pp. 448455, 1981.

Adair, E. R. and B. W. Adams, “Microwaves Modify Thermoregulatory Behavior in Squirrel Monkey,” Bio-
electromagnetics, 1 (1), pp. 1-20, 1980.

Adair, E. R. and B. W. Adams, “Adjustments in Metabolic Heat Production by Squirrel Monkeys Exposed to

Microwaves,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Physiology, 50 (4),
pp- 1049-1058, 1982.

Adair, E. R. and B. W. Adams, “Behavioral Thermoregulation in the Squirrel Monkey: Adaptation Processes
During Prolonged Microwave Exposure,” Behavioral Neuroscience, 97 (1), pp. 49-61, 1983.

Adair, E. R., D. E. Spiers, J. A. J. Stolwijk, and C. B. Wenger, “Technical Note: On Changes in Evaporative
Heat Loss That Result from Exposure to Nonionizing Electromagnetic Radiation,” Journal of Microwave
Power, 18 (2), pp. 209-211, 1983.

Adair, E. R., B. W. Adams, and G. M. Akel, “Minimal Changes in Hypothalamic Temperature Accompany
Microwave-Induced Alteration of Thermoregulatory Behavior,” Bioelectromagnetics, 5 (1), pp. 13-30, 1984.

Adey, W. R., S. M. Bawin, and A. F. Lawrence, “Effects of Weak Amplitude-Modulated Microwave Fields
on Calcium Efflux from Awake Cat Cerebral Cortex,” Bioelectromagnetics, 3 (3), pp. 295-307, 1982.

Albert, E. N. and J. M. Kerns, “Reversible Microwave Effects on the Blood-Brain Barrier,” Brain Research,
230 (1-2), pp- 153-164, 1981.

Albert, E. N., M. F. Sherif, N. J. Papadopoulos, F. J. Slaby, and J. Monahan, “Effects of Nonionizing Radia-
tion on the Purkinje Cells of the Rat Cerebellum,” Bioelectromagnetics, 2 (3), pp. 247-257, 1981a.

Albert, E. N., M. F. Sherif, and N. J. Papadopoulos, “Effect of Nonionizing Radiation on the Purkinje Cells
of the Uvula in Squirrel Monkey Cerebellum,” Bioelectromagnetics, 2 (3), pp. 241-246, 1981b.

Allis, J. W. and B. L. Sinha, “Fluorescence Depolarization Studies of Red Cell Membrane Fluidity. The
Effect of Exposure to 1.0-GHz Microwave Radiation,” Bioelectromagnetics, 2 (1), pp. 13-22, 1981.

Allis, J. W. and B. L. Sinha, “Fluorescence Depolarization Studies of the Phase Transition in Multilamellar
Phospholipid Vesicles Exposed to 1.0-GHz Microwave Radiation,” Bioelectromagnetics, 3 (3), pp. 323-332,
1982.

Arber, S. L. and J. C. Lin, “Microwave-Induced Changes in Nerve Cells: Effects of Modulation and Temper-
ature,” Bioelectromagnetics, 6 (3), pp. 257-270, 1985.

Belokrinitskiy, V. S., “Destructive and Reparative Processes in Hippocampus with Long-Term Exposure to

Nonionizing Microwave Radiation,” in U.S.S.R. Report, Effects of Nonionizing Electromagnetic Radiation,
No. 7, JPRS 81865, pp. 15-20, Sept. 27, 1982b.

56 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Berman, E., J. B. Kinn, and H. B. Carter, “Observations of Mouse Fetuses After Irradiation with 2.45 GHz
Microwaves,” Health Physics, 35, pp. 791-801, 1978.

Bernhardt, J. H., “Evaluation of Human Exposures to Low Frequency Fields,” NATO AGARD Lecture
Series No. 138, The Impact of Proposed Radio Frequency Radiation Standards on Military Operations,
1985.

Birenbaum, L., I. T. Kaplan, W. Metlay, S. W. Rosenthal, and M. M. Zaret, “Microwave and Infra-Red
Effects on Heart Rate, Respiration Rate and Subcutaneous Temperature of the Rabbit,” Journal of Micro-
wave Power, 10 (1), pp. 3-18, 1975.

Byus, C. V,,R. L. Lundak, R. M. Fletcher, and W. R. Adey, “Alterations in Protein Kinase Activity Following
Exposure of Cultured Human Lymphocytes to Modulated Microwave Fields,” Bioelectromagnetics, 5 (3),
pp. 341-351, 1984.

Candas, V., E. R. Adair, and B. W. Adams, “Thermoregulatory Adjustments in Squirrel Monkeys Exposed to
Microwaves at High Power Densities,” Bioelectromagnetics, 6 (3), pp. 221-234, 1985.

Carroll, D. R., D. M. Levinson, D. R. Justesen, and R. L. Clarke, “Failure of Rats to Escape from a Poten-
tially Lethal Microwave Field,” Bioelectromagnetics, 1 (2), pp. 101-115, 1980.

Chatterjee, 1., D. Wu, and O. P. Gandhi, “Human Body Impedance and Threshold Currents for Perception
and Pain for Contact Hazard Analysis in the VLF-MF Band,” IEEE Transactions on Biomedical Engineer-
ing, BME-33 (5), pp. 486—494, 1986.

Chou, C.-K., L. F. Han, and A. W. Guy, “Microwave Radiation and Heart-Beat Rate of Rabbits,” Journal of
Microwave Power, 15 (2), pp. 87-93, 1980.

Chou, C.-K., A. W. Guy, J. B. McDougall, and L.-F. Han, “Effects of Continuous and Pulsed Chronic Micro-
wave Exposure on Rabbits,” Radio Science, 17 (5S), pp. 185-193, 1982.

Chou, C.-K., A. W. Guy, L. E. Borneman, L. L. Kunz, and P. Kramar, “Chronic Exposure of Rabbits to 0.5
and 5 mW/cm? 2450-MHz CW Microwave Radiation,” Bioelectromagnetics, 4 (1), pp. 63-77, 1983.

Chou, C.-K., A. W. Guy, and R. B. Johnson, “SAR in Rats Exposed in 2450-MHz Circularly Polarized
Waveguides,” Bioelectromagnetics, 5 (4), pp. 389-398, 1984.

Chou, C.-K., A. W. Guy, J. A. McDougall, and H. Lai, “Specific Absorption Rate in Rats Exposed to 2450-
MHz Microwaves Under Seven Exposure Conditions,” Bioelectromagnetics, 6 (1), pp. 73-88, 1985a.

Cogan, D. G., S. J. Fricker, M. Lubin, D. D. Donaldson, and H. Hardy, “Cataracts and Ultra-High-Frequency
Radiation,” American Medical Association Archives of Industrial Health, 18, pp. 299-302, 1958.

Czerski, P., “Microwave Effects on the Blood-Forming System with Particular Reference to the Lympho-
cyte,” in P. Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 232-242, 1975.

D’Andrea, J. A., O. P. Gandhi, J. L. Lords, C. H. Durney, C. C. Johnson, and L. Astle, “Physiological and
Behavioral Effects of Chronic Exposure to 2450-MHz Microwaves,” Journal of Microwave Power, 14 (4),
pp- 351-362, 1979.

D’Andrea, J. A., O. P. Gandhi, J. L. Lords, C. H. Drney, L. Astle, L. J. Stensaas, and A. A. Schoenberg,

“Physiological and Behavioral Effects of Prolonged Exposure to 915 MHz Microwaves,” Journal of Micro-
wave Power, 15 (2), pp. 123-135, 1980.

Copyright © 1999 IEEE. All rights reserved. 57



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

D’Andrea, J. A., R. Y. Emmerson, C. M. Bailey, R. G. Olsen, and O. P. Gandhi, “Microwave Radiation
Absorption in the Rat: Frequency-Dependent SAR Distribution in Body and Tail,” Bioelectromagnetics, 6
(2), pp. 199-206, 1985.

Dardalhon, M., C. More, D. Averbeck, and A. J. Berteaud, “Thermal Action of 2.45 GHz Microwaves on the
Cytoplasm of Chinese Hamster Cells,” Bioelectromagnetics, 5 (2), pp. 247-261, 1984.

Deichmann, W. B., F. H. Stephens, Jr., M. Keplinger, and K. F. Lampe, “Acute Effects of Microwave Radia-

tion on Experimental Animals (24 000 Megacycles),” Journal of Occupational Medicine, 1, pp. 369-381,
1959.

Deichmann, W. B., J. Miale, and K. Landeen, “Effect of Microwave Radiation on the Hemopoietic System
of the Rat,” Toxicology and Applied Pharmacology, 6 (1), pp. 71-77, 1964.

de Lorge, J. O., “The Effects of Microwave Radiation on Behavior and Temperature in Rhesus Monkeys,” in
C. C. Johnson and M. Shore (eds.), Biological Effects of Electromagnetic Waves, U.S. Department of Health,
Education, and Welfare, Washington, D.C., HEW Publication (FDA) 77-8010, pp. 158—-174, 1976.

de Lorge, J. O., “Operant Behavior and Rectal Temperature of Squirrel Monkeys During 2.45-GHz Micro-
wave Irradiation,” Radio Science, 14 (6S), pp. 217-225, 1979.

de Lorge, J. O. and C. S. Ezell, “Observing-Responses of Rats Exposed to 1.28- and 5.62-GHz Micro-
waves,” Bioelectromagnetics, 1 (2), pp. 183198, 1980.

de Lorge, J. O., “Operant Behavior and Colonic Temperature of Macaca Mulatta Exposed to Radio Fre-
quency Fields At and Above Resonant Frequencies,” Bioelectromagnetics, 5 (2), pp. 233-246, 1984.

DeWitt, J. R. and J. A. D’ Andrea, “Synergistic Effects of Microwaves and Pentobarbital in Laboratory Rats,”
Journal of Microwave Power, 17 (4), pp. 282-283, 1982.

Dutta, S. K., A. Subramoniam, B. Ghosh, and R. Parshad, “Microwave Radiation-Induced Calcium Ion
Efflux from Human Neuroblastoma Cells in Culture,” Bioelectromagnetics, 5 (1), pp. 71-78, 1984.

Elder, J. A., J. S. Ali, M. D. Long, and G. E. Anderson, “A Coaxial Air Line Microwave Exposure System:
Respiratory Activity of Mitochondria Irradiated at 2-4 GHz,” in C. C. Johnson and M. Shore (eds.), Biologi-
cal Effects of Electromagnetic Waves, U.S. Department of Health, Education, and Welfare, Washington,
D.C., HEW Publication (FDA) 77-8010, pp. 352-365, 1976.

Furmaniak, A., “Quantitative Changes in Potassium, Sodium, and Calcium in the Submaxillary Salivary
Gland and Blood Serum of Rats Exposed to 2880-MHz Microwave Radiation,” Bioelectromagnetics, 4 (1),
pp- 55-62, 1983.

Gage, M. 1., “Microwave Irradiation and Ambient Temperature Interact to Alter Rat Behavior Following
Overnight Exposure,” Journal of Microwave Power, 14 (4), p. 389-398, 1979.

Gage, M. L, E. Berman, and J. B. Kinn, “Videotape Observations of Rats and Mice During an Exposure to
2450-MHz Microwave Radiation,” Radio Science, 14 (6S), pp. 227-232, 1979.

Gage, M. 1. and W. M. Guyer, “Interaction of Ambient Temperature and Microwave Power Density on
Schedule-Controlled Behavior in the Rat,” Radio Science, 17 (5S), pp. 179—184, 1982.

Galvin, M. J., D. I. McRee, and M. Lieberman, “Effects of 2.45-GHz Microwave Radiation on Embryonic
Quail Hearts,” Bioelectromagnetics, 1 (4), pp. 389-396, 1980.

58 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Galvin, M. J., M. J. Ortner, and D. 1. McRee, “Studies on Acute In Vivo Exposure of Rats to 2450-MHz
Microwave Radiation: III. Biochemical and Hematologic Effects,” Radiation Research, 90, pp. 558-563,
1982b.

Gandhi, O. P. and I. Chatterjee, “Radio-Frequency Hazards in the VLF to MF Band,” IEEE Proceedings, 70
(12), pp. 1462-1464, 1982.

Gandhi, O. P, I. Chatterjee, D. Wu, and Y.-G. Gu, “Likelihood of High Rates of Energy Deposition in the
Human Legs at the ANSI Recommended 3-30-MHz RF Safety Levels,” IEEE Proceedings, 73 (6), pp.
1145-1147, 1985.

Gandhi, O. P. and A. Riazi, “Absorption of Millimeter Waves by Human Beings and Its Biological Implica-
tions,” IEEE Transactions on Microwave Theory and Techniques, MTT-34 (2), pp. 228-235, 1986.

Gandhi, O. P, J.-Y. Chen, and A. Riazi, “Currents Induced in a Human Being for Plane-Wave Exposure
Conditions 0-50 MHz and for RF Sealers,” IEEE Transactions on Biomedical Engineering, BME-33 (8), pp.
757-767, 1986.

Guy, A. W., “Hazards of VLF Electromagnetic Fields,” in NATO AGARD Lecture Series 138, The Impact of
Proposed Radio Frequency Radiation Standards on Military Operations, pp. 9-1 to 9-20, 1985.

Hamburger, S., J. N. Logue, and P. M. Silverman, “Occupational Exposure to Non-Ionizing Radiation and an
Association with Heart Disease: An Exploratory Study,” Journal of Chronic Diseases, 36 (11), pp. 791-802,
1983.

Hamrick, P. E. and D. I. McRee, “The Effect of 2450 MHz Microwave Irradiation on the Heart Rate of
Embryonic Quail,” Health Physics, 38, pp. 261-268, 1980.

Hill, D. A., “The Effect of Frequency and Grounding on Whole-Body Absorption of Humans in E-Polarized
Radiofrequency Fields,” Bioelectromagnetics, 5 (2), pp. 131-146, 1984.

Hill, D. A., “Further Studies of Human Whole-Body Radiofrequency Absorption Rates,” Bioelectromagnet-
ics, 6 (1), pp. 33-40, 1985.

Ho, H. S. and W. P. Edwards, “The Effect of Environmental Temperature and Average Dose Rate of Micro-
wave Radiation on the Oxygen-Consumption Rate of Mice,” Radiation and Environmental Biophysics, 16,
pp. 325-338, 1979.

Huang, A. T., M. E. Engle, J. A. Elder, J. B. Kinn and T. R. Ward, “The Effect of Microwave Radiation (2450
MHz) on the Morphology and Chromosomes of Lymphocytes,” Radio Science, 12 (6S), pp. 173-177, 1977.

Jensh, R. P, I. Weinberg, and R. L. Brent, “An Evaluation of the Teratogenic Potential of Protracted Expo-
sure of Pregnant Rats to 2450-MHz Microwave Radiation: I. Morphologic Analysis at Term,” Journal of
Toxicology and Environmental Health, 11, pp. 23-35, 1983a.

Jensh, R. P, W. H. Vogel, and R. L. Brent, “An Evaluation of the Teratogenic Potential of Protracted Expo-
sure of Pregnant Rats to 2450-MHz Microwave Radiation: II. Postnatal Psychophysiologic Analysis,” Jour-
nal of Toxicology and Environmental Health 11, pp. 37-59, 1983b.

Justesen, D. R., E. R. Adair, J. C. Stevens, and V. Bruce-Wolfe, “A Comparative Study of Human Sensory

Thresholds: 2450-MHz Microwaves Vs Far-Infrared Radiation,” Bioelectromagnetics, 3 (1), pp. 117-125,
1982.

Copyright © 1999 IEEE. All rights reserved. 59



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

King, N. W., D. R. Justesen, and R. L. Clarke, “Behavioral Sensitivity to Microwave Irradiation,” Science,
172 (3982), pp. 398-401, 1971.

Lai, H., A. Horita, C.-K. Chou, and A. W. Guy, “Effects of Acute Low-Level Microwaves on Pentobarbital-
Induced Hypothermia Depend on Exposure Orientation,” Bioelectromagnetics, 5 (2), pp. 203-211, 1984a.

Lai, H., A. Horita, C.-K. Chou, and A. W. Guy, “Ethanol-Induced Hypothermia and Ethanol Consumption in
the Rat Are Affected by Low-Level Microwave Irradiation,” Bioelectromagnetics, 5 (2), pp. 213-220, 1984b.

Lebovitz, R. M., “Prolonged Microwave Irradiation of Rats: Effects on Concurrent Operant Behavior,” Bio-
electromagnetics, 2 (2), pp. 169185, 1981.

Lebovitz, R. M., “Pulse Modulated and Continuous Wave Microwave Radiation Yield Equivalent Changes in
Operant Behavior of Rodents,” Physiology and Behavior, 30 (6), pp. 891-898, 1983.

Lebovitz, R. M. and L. Johnson, “Testicular Function of Rats Following Exposure to Microwave Radiation,”
Bioelectromagnetics, 4 (2), pp. 107-114, 1983.

Liburdy, R. P., “Radiofrequency Radiation Alters the Immune System: II. Modulation of In Vivo Lympho-
cyte Circulation,” Radiation Research, 83, pp. 66-73, 1980.

Liburdy, R. P. and A. Wyant, “Radiofrequency Radiation and the Immune System. Part 3. In Vitro Effects on
Human Immunoglobulin and on Murine T- and B-Lymphocytes,” International Journal of Radiation Biol-
ogy, 46 (1), pp. 67-81, 1984.

Liburdy, R. P. and R. L. Magin, “Microwave-Stimulated Drug Release from Liposomes,” Radiation
Research, 103 (2), pp. 266-275, 1985.

Lin, J. C. and M. F. Lin, “Microwave Hyperthermia-Induced Blood-Brain Barrier Alterations,” Radiation
Research, 89, pp. 77-87, 1982.

Liu, L. M., F. J. Rosenbaum, and W. F. Pickard, “The Insensitivity of Frog Heart Rate to Pulse Modulated
Microwave Energy,” Journal of Microwave Power, 11 (3), pp. 225-232, 1976.

Lotz, W. G. and S. M. Michaelson, “Temperature and Corticosterone Relationships in Microwave-Exposed
Rats,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Physiology, 44 (3), pp.
438-445, 1978.

Lotz, W. G. and S. M. Michaelson, “Effects of Hypophysectomy and Dexamethasone on Rat Adrenal
Response to Microwaves,” Journal of Applied Physiology: Respiratory, Environmental, and Exercise Physi-
ology, 47 (6), pp. 1284-1288, 1979.

Lu, S.-T., N. Lebda, S. M. Michaelson, S. Pettit, and D. Rivera, “Thermal and Endocrinological Effects of
Protracted Irradiation of Rats by 2450-MHz Microwaves,” Radio Science, 12 (6S), pp. 147-156, 1977.

McAfee, R. D., A. Longacre, Jr., R. R. Bishop., S. T. Elder, J. G. May, M. G. Holland, and R. Gordon,
“Absence of Ocular Pathology After Repeated Exposure of Unanesthetized Monkeys to 9.3-GHz Micro-
waves,” Journal of Microwave Power, 14 (1), pp. 41-44, 1979.

McRee, D. I. and H. G. Davis, “Whole-Body and Local Dosimetry in Rats Exposed to 2.45-GHz Microwave
Radiation,” Health Physics, 46 (2), pp. 315-320, 1984.

Merritt, J. H., W. W. Shelton, and A. F. Chamness, “Attempts to Alter 45Ca++ Binding to Brain Tissue with
Pulse-Modulated Microwave Energy,” Bioelectromagnetics, 3 (4), pp. 475-478, 1982.

60 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Merritt, J. H., K. A. Hardy, and A. F. Chamness, “In Utero Exposure to Microwave Radiation and Rat Brain
Development,” Bioelectromagnetics, 5 (3), pp. 315-322, 1984.

Millar, D. B., J. P. Christopher, J. Hunter, and S. S. Yeandle, “The Effect of Exposure of Acetylcholinesterase
to 2450-MHz Microwave Radiation,” Bioelectromagnetics, 5 (2), pp. 165-172, 1984.

Mitchell, D. S., W. G. Switzer, and E. L. Bronaugh, “Hyperactivity and Disruption of Operant Behavior in
Rats After Multiple Exposures to Microwave Radiation,” Radio Science, 12 (6S), pp. 263-271, 1977.

Moe, K. E., R. H. Lovely, D. E. Myers, and A. W. Guy, “Physiological and Behavioral Effects of Chronic
Low Level Microwave Radiation in Rats,” in C. C. Johnson and M. Shore (eds.), Biological Effects of Elec-
tromagnetic Waves, U.S. Department of Health, Education, and Welfare, Washington, D.C., HEW Publica-
tion (FDA) 77-8010, pp. 248-256, 1976.

Monahan, J. C. and H. S. Ho, “The Effect of Ambient Temperature on the Reduction of Microwave Energy
Absorption by Mice,” Radio Science, 12 (6S), pp. 257-262, 1977.

Monahan, J. C. and W. W. Henton, “Microwave Absorption and Taste Aversion as a Function of 915 MHz
Radiation,” in D. G. Hazzard (ed.), Symposium on Biological Effects and Measurement of Radio Frequency/
Microwaves, U.S. Department of Health, Education, and Welfare, HEW Publication (FDA) 77-8026, pp. 34—
40, 19770.

Nawrot, P. S., D. I. McRee, and R. E. Staples, “Effects of 2.45 GHz CW Microwave Radiation on Embryofe-
tal Development in Mice,” Teratology, 24 (3), pp. 303-314, 1981.

Ortner, M. J., M. J. Galvin, and D. I. McRee, “Studies on Acute In Vivo Exposure of Rats to 2450-MHz
Microwave Radiation— 1. Mast Cells and Basophils,” Radiation Research, 86, pp. 580-588, 1981.

Oscar, K. J. and T. D. Hawkins, “Microwave Alteration of the Blood-Brain Barrier System of Rats,” Brain
Research, 126, pp. 281-293, 1977.

Pappas, B. A., H. Anisman, R. Ings, and D. A. Hill, “Acute Exposure to Pulsed Microwaves Affects Neither
Pentylenetetrazol Seizures in the Rat Nor Chlordiazepoxide Protection Against Such Seizures,” Radiation
Research, 96 (3), pp. 486-496, 1983.

Phillips, R. D., E. L. Hunt, R. D. Castro, and N. W. King, “Thermoregulatory, Metabolic, and Cardiovascular
Response of Rats to Microwaves,” Journal of Applied Physiology, 38 (4), pp. 630-635, 1975.

Ragan, H. A., R. D. Phillips, R. L. Buschbom, R. H. Busch, and J. E. Morris, “Hematologic and Immuno-
logic Effects of Pulsed Microwaves in Mice,” Bioelectromagnetics, 4 (4), pp. 383-396, 1983.

Rama Rao, G., C. A. Cain, J. Lockwood, and W. A. F. Tompkins, “Effects of Microwave Exposure on the
Hamster Immune System. II. Peritoneal Macrophage Function,” Bioelectromagnetics, 4 (2), pp. 141-155,
1983.

Reed, J. R. IIL, J. L. Lords, and C. H. Durney, “Microwave Irradiation of the Isolated Rat Heart After Treat-
ment with ANS Blocking Agents,” Radio Science, 12 (6S), pp. 161-165, 1977.

Rogers, S. J., “Radiofrequency Burn Hazards in the MF/HF Band,” in J. C. Mitchell (ed.), Proceedings of a

Workshop on the Protection of Personnel Against Radiofrequency Electromagnetic Radiation, Aeromedical
Review 3-81, USAF School of Aerospace Medicine, Brooks AFB, TX, pp. 76-89, 1981.

Copyright © 1999 IEEE. All rights reserved. 61



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Schlagel, C. J., K. Sulek, H. S. Ho, W. M. Leach, A. Ahmed, and J. N. Woody, “Biologic Effects of Micro-
wave Exposure. II. Studies on the Mechanisms Controlling Susceptibility to Microwave-Induced Increases
in Complement Receptor-Positive Spleen Cells,” Bioelectromagnetics, 1 (4), pp. 405-414, 1980.

Schrot, J., J. R. Thomas, and R. A. Banvard, “Modification of the Repeated Acquisition of Response
Sequences in Rats by Low-Level Microwave Exposure,” Bioelectromagnetics, 1 (1), pp. 89-99, 1980.

Seaman, R. L. and H. Wachtel, “Slow and Rapid Responses to CW and Pulsed Microwave Radiation by
Individual Aplysia Pacemakers,” Journal of Microwave Power, 13 (1), pp. 77-86, 1978.

Shnyrov, V. L., G. G. Zhadan, and I. G. Akoev, “Calorimetric Measurements of the Effect of 330-MHz
Radiofrequency Radiation on Human Erythrocyte Ghosts,” Bioelectromagnetics, 5 (4), pp. 411-418, 1984.

Smialowicz, R. J., J. B. Kinn, and J. A. Elder, “Perinatal Exposure of Rats to 2450-MHz CW Microwave
Radiation: Effects on Lymphocytes,” Radio Science, 14 (6S), pp. 147-153, 1979.

Smialowicz, R. J., K. L. Compton, M. M. Riddle, R. R. Rogers, and P. L. Brugnolotti, “Microwave Radiation
(2450 MHz) Alters the Endotoxin-Induced Hypothermic Response of Rats,” Bioelectromagnetics, 1 (4), pp.
353-361, 1980.

Smialowicz, R. J., M. M. Riddle, P. L. Brugnolotti, R. R. Rogers, and K. L. Compton, “Detection of Micro-
wave Heating in 5-Hydroxytryptamine-Induced Hypothermic Mice,” Radiation Research, 88 (1), pp. 108—
117, 1981a.

Smialowicz, R. J., C. M. Weil, P. Marsh, M. M. Riddle, R. R. Rogers, and B. F. Rehnberg, “Biological
Effects of Long-Term Exposure of Rats to 970-MHz Radiofrequency Radiation,” Bioelectromagnetics, 2 (3),
pp. 279-284, 1981d.

Smialowicz, R. J., R. R. Rogers, R. J. Garner, M. M. Riddle, R. W. Luebke, and D. G. Rowe, “Microwaves
(2450 MHz) Suppress Murine Natural Killer Cell Activity,” Bioelectromagnetics, 4 (4), pp. 371-381, 1983.

Stuchly, S. S., A. Kraszewski, M. A. Stuchly, G. Hartsgrove, and D. Adamski, “Energy Deposition in a
Model of Man in the Near Field,” Bioelectromagnetics, 6 (2), pp. 115-129, 1985.

Sulek, K., C. J. Schlagel, W. Wiktor-Jedrzejczak, H. S. Ho, W. M. Leach, A. Ahmed, and J. N. Woody, “Bio-
logic Effects of Microwave Exposure: I. Threshold Conditions for the Induction of the Increase in Comple-
ment Receptor Positive (CR+) Mouse Spleen Cells Following Exposure to 2450-MHz Microwaves,”
Radiation Research, 83, pp. 127-137, 1980.

Switzer, W. G. and D. S. Mitchell, “Long-Term Effects of 2.45-GHz Radiation on the Ultrastructure of the
Cerebral Cortex and on the Hematologic Profiles of Rats,” Radio Science, 12 (6S), pp. 287-293, 1977.

Szmigielski, S., A. Szudzinski, A. Pietraszek, M. Bielec, M. Janiak, and J. K. Wrembel, “Accelerated Devel-
opment of Spontaneous and Benzopyrene-Induced Skin Cancer in Mice Exposed to 2450-MHz Microwave

Radiation,” Bioelectromagnetics, 3 (2), pp. 179-191, 1982.

Thomas, J. R. and G. Maitland, “Microwave Radiation and Dextroamphetamine: Evidence of Combined
Effects on Behavior of Rats,” Radio Science, 14 (6S), pp. 253-258, 1979.

Thomas, J. R., J. Schrot, and R. A. Banvard, “Behavioral Effects of Chlorpromazine and Diazepam Com-
bined with Low-Level Microwaves,” Neurobehavioral Toxicology, 2, pp. 131-135, 1980.

Thomas, J. R., J. Schrot, and R. A. Banvard, “Comparative Effects of Pulsed and Continuous-Wave 2.8-GHz
Microwaves on Temporally Defined Behavior,” Bioelectromagnetics, 3 (2), pp. 227-235, 1982.

62 Copyright © 1999 IEEE. All rights reserved.



IEEE
RADIO FREQUENCY ELECTROMAGNETIC FIELDS, 3 kHz TO 300 GHz Std C95.1, 1999 Edition

Tinney, C. E., J. L. Lords, and C. H. Durney, “Rate Effects in Isolated Turtle Hearts Induced by Microwave
Irradiation,” IEEE Transactions on Microwave Theory and Techniques, MTT-24 (1), pp. 18-24, 1976.

Wachtel, H., R. Seaman, and W. Joines, “Effects of Low-Intensity Microwaves on Isolated Neurons,” in P.
Tyler (ed.), Annals of the N.Y. Academy of Sciences, 247, pp. 46—62, 1975.

Wangemann, R. T. and S. F. Cleary, “The In Vivo Effects of 2.45 GHz Microwave Radiation on Rabbit
Serum Components and Sleeping Times,” Radiation and Environmental Biophysics, 13, pp. 89—103, 1976.

Ward, T. R., J. A. Elder, M. D. Long, and D. Svendsgaard, “Measurement of Blood-Brain Barrier Permeation
in Rats During Exposure to 2450-MHz Microwaves,” Bioelectromagnetics, 3 (3), pp. 371-383, 1982.

Ward, T. R. and J. S. Ali, “Blood-Brain Barrier Permeation in the Rat During Exposure to Low-Power 1.7-
GHz Microwave Radiation,” Bioelectromagnetics, 6 (2), pp. 131-143, 1985.

Weil, C. M., R. J. Spiegel, and W. T. Joines, “Internal Field Strength Measurements in Chick Forebrains at
50, 147, and 450 MHz,” Bioelectromagnetics, 5 (3), pp- 293-304, 1984.

Wike, E. L. and E. J. Martin, “Comments on Frey’s ‘Data Analysis Reveals Significant Microwave-Induced
Eye Damage in Humans,”” Journal of Microwave Power, 20 (3), pp. 181-184, 1985.

Williams, W. M., W. Hoss, M. Formaniak, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy
on the Blood-Brain Barrier to Hydrophilic Molecules. A. Effect on the Permeability to Sodium Fluorescein,”
Brain Research Review, 7, pp. 165-170, 1984a.

Williams, W. M., M. del Cerro, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy on the
Blood-Brain Barrier to Hydrophilic Molecules. B. Effect on the Permeability to HRP,” Brain Research
Review, 7, pp. 171-181, 1984b.

Williams, W. M., S.-T. Lu, M. del Cerro, and S. M. Michaelson, “Effect of 2450 MHz Microwave Energy on

the Blood-Brain Barrier to Hydrophilic Molecules. D. Brain Temperature and Blood-Brain Barrier Perme-
ability to Hydrophilic Tracers,” Brain Research Review, 7, pp. 191-212, 1984d.

Copyright © 1999 IEEE. All rights reserved. 63



IEEE
Std C95.1, 1999 Edition SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO

Annex D

(informative)

Exposure calculations for multiple sources

When a number of sources at different frequencies, and/or broadband sources, contribute to the total expo-
sure, it becomes necessary to weigh each contribution relative to the MPE in accordance with the provisions
of item (e) of 4.1.1 and item (e) of 4.1.2. To comply with the MPE, the fraction of the MPE in terms of E2,
H? (or power density) incurred within each frequency interval should be determined and the sum of all such
fractions should not exceed unity. The following example illustrates this.

Measurements were made in a controlled environment at a point near several induction heaters (IH) and
dielectric heaters (DH). The values below present the electric and magnetic field strengths as averaged over
an area equivalent to the vertical cross section of an adult.

Source Frequency (MHz) Sg;f;lilc (f‘if/l:l) x:ﬁ;:lt: c(lgel:;i) Duty factor (%)
DH; 27.5 90 0.1 20
DH, 7.5 283 0.2 60
DH; 35 592 0.4 45
IH, 0.400 15 8 100
TH, 0.900 21 4 100
IH; 8.035 30 0.2 100

In order to ensure compliance with the MPE for a controlled environment, the sum of the ratios of the time-
averaged squares of the measured electric field strength to the corresponding squares of the MPE, and the
sum of the ratios of the time-averaged squares of the measured magnetic field strength to the corresponding
squares of the MPE, should not exceed unity. That is
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Applying this to the preceding data yields

2 2 2

n 2 2 2 2
L; 0.2(90)" | 0.6(283)"  0.45(592)" 15 21 30
E s = —+ —+ Sttt —— = 174> 1
i~ 1MPE; 67 246 526 614 614~ 230
no? 2 2 2 2 2 2
2 i _0.2(0.1) +0.6(O.2) +0.45(0.4) +8 4 02)" _ 011 <1

2 MPE;  (06)  (22) (4.7 (40.8)° (18.1)* (2.0)°

In order to comply with the provisions of the MPE, both summations must be less than unity. Although the
summation in terms of magnetic field strength is less than unity, the summation in terms of electric field
strength exceeds unity and, therefore, the MPE for controlled environment is exceeded.
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Figure E.6—Percent of electric field strength MPEs below which current measurements
are not required for controlled environments
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(Source: Chaterjee et al. [B 10].)

Figure E.8 — Average body impedance of adult males (n = 197), and ten-year-old children
(dashed line) for grasping contact: (a) magnitude, and (b) phase
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