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ABSTRACT In the international guidelines/standards for human protection, the specific absorption
rate (SAR) is used as a metric to prevent excessive surface temperature elevation at frequencies up to
3 or 10 GHz. Above that transition frequency, including the frequency region assigned to 5th generation
wireless communication systems, an area-averaged incident power density on human body surface is
used as the physical quantity to specify the restrictions on human exposure to electromagnetic fields.
However, the incident power density is an external physical quantity, resulting in frequency-dependent
temperature elevation, which is attributable to frequency-dependent variations in the reflection coefficient
at the skin surface and energy penetration depth into tissue. In this paper, we discuss analytically and
computationally the effectiveness of the transmitted power density (TPD) at the skin as a new metric
to estimate the steady-state skin temperature elevation above the transition frequency. We also consider
simplified models for uniform and Gaussian beam patterns and the analytical solutions to the bioheat
equation for an one-dimensional model, which are in good agreement with numerical solutions. These show
that the TPD provides an excellent estimate of skin temperature elevation through the millimetre-wave band
(30–300 GHz) and a reasonable and conservative estimate down to 10 GHz, whereas the SAR is a good
metric below 3 GHz. Computational results for the dipole and patch antenna arrays demonstrated that the
one-dimensional analysis is conservative metric as compared with the TPD averaged over the area of 4 cm2

(2-cm square). Considering extreme cases, averaging area smaller than 4 cm2 is needed above 30 GHz for
beam exposure with small diameters. Finally, we consider the choice of averaging area as related to peak
temperature increases for small beams. For extremely small exposure areas, limits on peak power density
may be needed.

INDEX TERMS Human safety, dosimetry, standardization.

I. INTRODUCTION
There are two international guidelines/standard for human
protection from electromagnetic field (below 300 GHz) set
forth as recommendation by World Health Organization:
the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) [1] and the IEEE International Commis-
sion on Electromagnetic Safety (ICES) [2], [3]. The guide-
lines (the designation used by ICNIRP) /standard (IEEE) are
presently undergoing revision; in the ICNIRP guidelines over
frequency range from 100 kHz to 300 GHz and in the IEEE
standard from 0 kHz to 300 GHz.

For human protection against thermal hazards, both limits
are defined in terms of the specific absorption rate (SAR)
averaged over 10 g of tissue for frequencies up to 3 GHz [2]
or 10 GHz [1]. The metric is considered as a surrogate of
local temperature elevation. Above the transition frequen-
cies of 3 or 10 GHz, both limits use the incident power
density (IPD) averaged over a specific area as a metric for
exposure. While the choice of the optimal volume over which
to average SAR has been extensively discussed [4]–[7], there
has been much less consideration of optimal averaging area.
Present versions of the limits specify averaging areas that
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TABLE 1. Parameters of dipole antenna and cube of the human model composed of homogeneous skin at different frequencies.

are frequency dependent [2] and fixed at 20 cm2 [1]. Recent
studies suggest that an appropriate averaging area would be
2 to 4 cm2 based on thermal analysis of heat transfer (thermal
conduction and convection by blood perfusion) in tissues
[8], [9]. This averaging area approximately coincides with
a face of the volume for the averaging mass of 10 g for
local SAR.

The limit on SAR does not depend on the frequency
because it is expressed in terms of an internal physical
quantity (dose). The SAR behaves as a heat source and the
averaging volume approximately corresponds to a combi-
nation of the thermal diffusion length and a screening dis-
tance due to convective cooling by blood flow. Even though
the limit of IPD is constant above the transition frequency
(3 or 10 GHz), the power transmitting to the tissue and
energy penetration depth both depend on the frequency
(e.g. [8]–[10]). However, as discussed below, at millimeter
(mm)-wave frequencies the heat load at the surface is a
good predictor of the elevation in skin temperature, and a
reasonable approximation down to about 10GHz. In addition,
Hashimoto et al. [9] showed that the skin temperature eleva-
tion can be approximately derived from the absorbed power
in the surface (IPD multiplied by transmission coefficient)
which is a measure of heat load at the surface. However,
these results apply for plane waves incident on the surface.
Even above the transition frequency (especially around the
transition frequency), the interaction between the antenna and
the body may not always be neglected.

The purpose of this study is to discuss a new metric
or internal physical quantity for estimating surface temper-
ature above the transition frequency. The metric ‘transmitted
power density (TPD) to the skin surface’ or ‘epithelial power
density’ is proposed based on analytic and computational
approaches. This metric has already been mentioned in the
ICNIRP public consultation document and IEEE C95.1 draft
based on an extrapolation of the authors’ study [8], [9]. First,
an analytic solution is presented for a highly simplifiedmodel
that suggests why the TPD should be a useful estimate of
the surface temperature elevation in the steady state. More
detailed computational examples are provided in this con-
tribution to demonstrate the effectiveness of this approach
for dipole antenna and 4-element dipole and patch antenna
arrays.

II. COMPUTATIONAL METHODS AND HUMAN MODEL
A. SKIN AND HUMAN BODY MODELS
A three-dimensional homogeneous cube with thermal and
electrical parameters similar to those of skin was considered
for analysis. The dimensions of the cube are listed in table 1.

In order to confirm the finding obtained from the cube,
we also considered realistic human models, Japanese male
model named TARO [11], which has been developed from
magnetic resonance images. This model is comprised of more
than 50 tissues/organs, such as skin, muscle, bone, and so on.
In addition to these two models, homogeneous (skin) model
with the same shape as realistic human models was also
considered. An in-house smoothing algorithm was applied to
refine higher resolution models of TARO [12].

B. ELECTROMAGNETIC ANALYSIS
The finite-difference time-domain method (FDTD) [13] was
used to conduct electromagnetic dosimetry in a human model
exposed to high-frequency fields emitted from electromag-
netic source. The SAR is defined as

SAR (r) =
σ (r)
2ρ (r)

|E (r)|2 , (1)

where |E(r)| is the peak value of the electric field at position r,
and σ and ρ are the conductivity and mass density of the
tissue, respectively.

In addition to the SAR, TPD is defined as

TPD (x, y) =
1
2

∫
σ (r) |E (r)|2 dz, (2)

where z is the direction perpendicular to the body surface.
The TPD corresponds to the SAR integrated over the depth
direction.

The dielectric properties of the tissues were determined
with a four-Cole–Cole dispersion model [14], where the
upper frequency at which the measured data were consid-
ered is 20 GHz. Its extrapolated data is used. Measurement
and its discussion at higher frequencies has been conducted
recently [15]–[17].

C. THERMAL ANALYSIS
A computational method for the temperature elevation is
identical to that in our previous study [18]. The temperature in
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the human model is computed by solving a bioheat transfer
equation [19]. The equation, which takes into account heat
exchange mechanisms, i.e., heat conduction and blood per-
fusion, and electromagnetically induced heating (SAR), is
represented by the following equation:

C (r) ρ (r)
∂T (r, t)
∂t

= ∇ · (K (r)∇T (r, t))+ ρ (r) SAR (r)

+M (r, t)− B (r, t) (T (r, t)− TB (r, t)) (3)

where T is the temperature of the tissue, TB is the blood
temperature, C is the specific heat of the tissue, K is the
thermal conductivity of the tissue, M is the metabolic heat
generation, B is the term associated with blood perfusion,
and t is the time variable. The blood temperature is assumed
to be spatiotemporally constant in the same tissue because
exposure scenarios considered (see below) are local, which
is insufficient to cause core temperature elevation; generally
negligible as compared to the basal metabolism (−100 W).
Hence, the blood temperature TB(r,t) in (3) is treated as
constant (37 ◦C). The boundary condition for (3) is given by

−K (r)
∂T (r, t)
∂n

= H · (Ts (r, t)− Te (t)), (4)

where H , Ts, and Te denote the heat transfer coefficient,
skin temperature, and ambient temperature (independent of
the position), respectively. The variable n denotes the axis
perpendicular to the model surface. In the frequency range
of chief interest here, > 6 GHz, the heating is confined to a
thin (mm or less) layer near the surface [8], and heat transport
is chiefly by means of thermal conduction due to the large
temperature gradients near the surface.

First, the bioheat transfer equation subjected to the bound-
ary condition was solved to obtain the thermal steady-state
temperature. The left-hand-side of (3) was then equated to
be zero to obtain the steady state temperature elevation. The
equation was discretised using a finite difference method and
solved by applying the geometric multi-grid method [20].

Most thermal parameters used in this study are the same
as those used in [4], wherein the parameters were borrowed
primarily from the study conducted by [21]. The blood
flow in the skin tissue was taken from [22]. As discussed
in [23], the blood flow varies substantially in a shallow region
(from skin surface to 3 mm), but its impact on the steady-
state surface temperature elevation is ±15% at frequencies
higher than 6 GHz, which is consistent with Monte-Carlo
approach [10]. Also, possible thermoregulatory changes in
skin blood flow are ignored since they are known to be minor
for local increases in skin temperature (in the absence of
increases in core temperature) below 1-2 ◦C (see the discus-
sion in [24]).

D. SIMPLE ANALYTICAL MODEL
Analytical solution in [25] is reviewed briefly. Solutions to (3)
for a variety of cases are known but are mathematically com-
plex. For purposes of comparison we consider a highly over-
simplified ‘‘baseline’’ model assuming adiabatic boundary

conditions (no heat lost to the environment) and plane wave
radiation normally incident on a planar tissue surface with
uniform thermal and electrical properties. The SAR produced
by exposure is then

SAR =
IoTtr
ρL

e−z/L

= SARoe−z/L (5)

where Io is the incident power density on the tissue, Ttr
is the energy transmission coefficient into the plane and
L is the energy penetration depth into tissue, which is defined
as the distance beneath the surface at which the SAR has
fallen to a factor of 1/e below that at the surface. L is
one-half of the more commonly reported wave penetration
depth. Analytical expressions for the transient and steady
state increase in this 1D model can be obtained readily by
computer algebra (Maple,WaterlooMaple,WaterlooON) but
are lengthy and not repeated here; they are provided in [26].

An even simpler approximation is to consider heating to
occur at the surface only (the surface heating approximation).
This is a reasonable approximation at mm wave frequen-
cies, where the energy penetration depth in skin ranges from
0.1-0.4 mm. This model assumes that the SAR is zero within
the tissue and models the surface heating through the bound-
ary condition at the surface:

δT
δz
= −

IoTtr
k

u(t) (6)

where u(t) is the unit step function to indicate that expo-
sure begins at t=0. Equation (6) is readily solved (using
Maple) after transforming to the Laplace domain. The tran-
sient increase in temperature at the surface T (0, t) is

T (0, t) =
IoTtr
√
kB
erf

(√
t
τ1

)
where

τ1 =
ρC
B
≈ 500 sec (7)

Using the thermal parameters presented above, this corre-
sponds to a steady state temperature increase at the surface
of

Tss ≈ 0.018IoTtr (8)

This implies a heating factor of≈ 0.02 ◦C·m2/W independent
of frequency. Analytical solutions for the 1D model for finite
energy penetration depth are presented in [25]. They show
that as the energy penetration depth increases (lower frequen-
cies) the steady state temperature at the surface of the tissue
decreases for a given absorbed energy density. However,
the errors introduced by the surface heating approximation
are only modest above the transition frequency, approxi-
mately 25% overestimate in temperature at 10 GHz and much
smaller in the mm wave band (30-300 GHz).

Apart from its assumption of a homogeneous tissue, this
1D model allows thermal conduction only in a direction
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normal to the tissue surface and consequently will overesti-
mate the heating effects from finite sources. The following
discussion considers several examples.

The case of finite exposed areas can bemodelled by assum-
ing that exposure occurs uniformly over a disk of radius Ro
(a 2D model with rotational symmetry). The maximum tem-
perature increase in the steady state for this model, assuming
purely surface heating, can be written as [8], [25]

T ssuniform =
IoTtrR1

k

(
1− e−x

)
Uniformly irradiated area (9a)

T ssGaussian =
IoTtrR0x

√
π

2k
ex

2/4 (erf (x/2)− 1)

Gaussian beam pattern (9b)

where

x = R0
/
R1 (9c)

R1 =

√
k
B
≈ 7 mm. (9d)

This approximation is valid for short-penetrating radiation
(mm-waves), and will overestimate the temperature increase
at lower frequencies. This indicates that for disks greater
than about 1 cm radius, the ratio 1T /(IoTtr) will approach
R1/k , or 0.03 ◦C, falling to R0/k for smaller disks. Con-
sequently the steady state temperature rise will be roughly
independent of the exposed area if its dimensions are a
cm or larger. As stated above this approximation assumes
near-surface heating, and will overestimate the temperature
increase below the mm wave range. This result is easily
extended to the more realistic case of a Gaussian exposure
pattern [25].

E. EXPOSURE SCENARIOS
Fig. 1 shows the exposure scenarios considered in this
study: the half-wave dipole antenna and four-element dipole
and patch antenna arrays. The lengths of the antenna were
adjusted such that they would resonate at the corresponding
frequencies. Resultant parameters are listed in Table 1. The
parameters of patch antenna array are shown in Fig. 2 and
table 2. Patch antenna array is located so that the field is
emitted to the opposite direction from the human.

TABLE 2. Parameters of patch antenna array at different frequencies.

FIGURE 1. Exposure conditions of bird’s-eye view for a dipole antenna,
four-element dipole and patch antenna arrays. The distance between the
neighboring antennas in the array is one half-wavelength corresponding
to the respective frequencies.

FIGURE 2. Geometry of patch antenna array on the dielectric substrate.
The distance between the neighbouring antennas in the array is one
half-wavelength corresponding to the respective frequencies.

Commercial communications systems at frequencies
above 6 GHz have not yet been widely introduced to mar-
ket, although a variety of transmitters, both for base sta-
tions and for mobile phone handsets have been developed
(e.g., [27], [28]). The following discussion considers some
simplified antenna and antenna arrays of the sort that may be
used in future handsets. The separation distances between the
model surface and the antenna, or the antenna array were cho-
sen to be 15, 30, and 45 mm as shown in Fig. 1. In the antenna
array, the separations between the neighbouring antennas are
chosen to be half of the wavelength corresponding to the
given frequency.
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F. METRICS FOR EVALUATION
SAR averaged over 10 g of tissue and IPD are considered
as metrics as prescribed in the guidelines and standard.
In addition to these two metrics, the TPD at the surface
is also evaluated. The IPD is defined as the magnitude of
the Poynting vector in free space at the separation distance
between the antenna and the model surface; closest distance
in case of anatomical model. The physical quantity TPD is
power deposition integrated over the depth direction from the
surface, as shown in (2), and can be approximately obtained
by multiplying a transmission coefficient by IPD. The IPD
is averaged over area of 4 cm2 and 1 cm2 (in square shape)
on the plane where the model surface exists, which are in
the range of a draft ICNIRP guideline (public consultation;
11 July 2018) and IEEE standard C95.1; they have been
also discussed in Global Coordination of Research and
Health Policy on RF Electromagnetic Fields (Washington
DC, Dec. 2017). TPD were computed by averaging over the
same areas on the skin surface. When considering anatomical
human models, the model surface may not be flat. The TPD
was then projected on the plane where the IPD averaging
plane exists.

We introduced a heating factor defined as the spatial-
peak steady-state temperature elevation in the head divided
by the IPD and TPD averaged over specific areas or SAR
averaged over 10 g of tissues. Once these values are obtained,
the peak steady-state temperature elevation can be estimated
by multiplying the corresponding values to the limit. The
position where the peak temperature elevation appear is the
surface above 6GHz, but at lower frequencies it may be below
the skin surface including in muscle. All heating factors are
calculated in terms of steady state temperature increases,
which require times of the order of minutes to be achieved
after exposure is begun.

III. COMPUTATIONAL RESULTS
A. TRANSMITTED POWER AND STEADY STATE
TEMPERATURE ELEVATION IN 1-D SKIN MODEL
The heating factor for SAR averaged over 22-mm depth
(corresponding to 10 g of tissue in the 3-D model), IPD, and
TPD are computed in 1-D skinmodel, in addition to analytical
solution presented in Sec. II. In the analytical solution, IPD
and TPD are defined as Io and IoTtr , respectively. As shown
in Fig. 3, the computational (numerical) results of Nagoya
Institute of Technology for the one-dimensional model agree
quite well with analytical solutions and FEM computation by
K. Foster to the bioheat equation (see (3)) over the entire
frequency range. The numerical and analytical results also
converge to results of the surface heating model (see (8))
above 30 GHz. In a more complex tissue model [25], thermal
resistance of subcutaneous tissues, principally fat, will result
in increases in surface temperature higher than in (3) which
assumes a homogeneous tissue.

The heating factor for SAR (1T /SAR) is frequency inde-
pendent below 3 GHz, but increase with increasing frequency

FIGURE 3. The ratio of the surface temperature elevation to the SAR,
IPD and TPD (the heating factor) for the one-dimensional model
(i.e. assuming plane wave exposure that is uniform over the
entire tissue boundary). FDTD computed and analytical solution
of the bioheat equation considering finite energy penetration
depth (8) were shown for comparison.

above 3 GHz. The heating factor for IPD (1T /IPD) increases
with the increase of the frequency over the frequency range.
SAR and TPD are good metrics to estimate the skin tem-
perature elevation for frequencies below 3 GHz and above
10 GHz, respectively.

All of these heating factors increase with frequency
because of two factors: the general increase in transmission
coefficient Ttr with frequency, and the general increase in
steady state temperature rise with frequency that results from
decreasing penetration depth. Both effects become less fre-
quency dependent in the mm wave range (30-300 GHz).
Because the TPD is not dependent on the Ttr it is generally
less variable with frequency. Moreover, in the mmwave band
the thermal response is closely approximated by the surface
heating model, which is independent of penetration depth.

B. HEATING FACTOR FOR SAR, IPD AND TPD AT THE
SKIN SURFACE IN 3-D SKIN MODEL
Fig. 4 shows the frequency dependence of heating factors for
SAR, IPD and TPD calculated for the dipole antenna. These
quantities were averaged over (a) 4 and (b) 1 cm2 and refer to
steady state temperature increase. These show generally sim-
ilar frequency dependence as in the 1D model. The heating
factors calculated for exposure from the dipoles are generally
somewhat smaller than for plane wave exposures because
the IPD, TPD, and SAR are averaged over a nonuniform
absorption pattern whose extent varies with antenna size (or
alternatively frequency). In addition, the exposures at the
lower frequencies were in the near fields of the antennas
and electrical interactions between the antenna and model
can be significant. Overall, these results with finite sources
are remarkably similar to results from the simple 1D model.
In addition, the TPD averaged over 4 cm2 are rather frequency
independent. The difference in the heating factor for TPD at
30 and 300 GHz are less than 15% for the averaging area
of 4 cm2. The heating factors for TPD at 6 and 10 GHz were
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FIGURE 4. The ratio of the surface temperature elevation to the SAR,
IPD and TPD (the heating factor) for the dipole antenna. The SAR was
averaged over 10 g cubes, while the IPD and TPD were averaged
over (a) 4 cm2, (b) 1 cm2.

49% and 33% of that at 300 GHz (which is chiefly an effect
of a lower energy transmission coefficients into tissue at the
lower frequencies).

As shown in Fig. 4 (b), the heating factor of the IPD and
TPD averaged over 1 cm2 calculated for dipole antennas
are approximately 21% and 16% smaller than that of the
one-dimensional analysis results, respectively. This is chiefly
attributable to thermal conduction in direction parallel to
the skin surface (which is not present in the 1D model).
This effect becomes more significant as the exposed area is
reduced below about 1 cm2 [26], [29]. For the smaller dipoles,
the heating factor 1T /TPD is approximately in agreement
with that predicted by the simple approximation (see (9)).
It implies that the temperature increase is chiefly limited by
heat conduction from the exposed area, due to the relatively
high thermal gradients near the exposed region.

C. HEATING FACTOR FOR TPD FOR DIFFERENT
ANTENNAS AND HUMAN MODELS
Fig. 5 shows the frequency dependence of heating factors for
TPD emitted from the four-element dipole antenna and patch
antenna array. Two averaging areas of 4 cm2 and 1 cm2 were
considered, similar to that in the above subsection. As shown
in Fig. 5, heating factors for the dipole antenna array are

FIGURE 5. The ratio of the surface temperature elevation to the TPD
averaged over 4 cm2 and 1 cm2 for the four elements dipole antenna
and patch antenna array.

similar to those from the dipole antenna below 30 GHz.
Above that frequency range, whereas the heating factor for
patch antenna array is conservative to one-dimensional model
up to 100 GHz, the beam diameter of the dipole antenna
array becomes smaller than the side length of the averaging
area of 4 cm2 with the increase of the frequency especially
prominent at antenna separations of 15 mm; for example,
shorter axis of the beam from dipole antenna array at 30 GH
is 13.5 mm, 18 mm, and 26 mm at the distance of 15 mm,
30 mm, and 45 mm. For an averaging area of 1 cm2, the heat-
ing factors of TPD are frequency independent and smaller
than for the one-dimensional model. This arises in large part
due to heat conduction in a direction parallel to the tissue
surface, which does not occur in the 1D planar model (where
heat conduction occurs only in the normal direction to the
surface).

To confirm the difference due to the size of the averaging
area, the relation between the heating factor for TPD averaged
over 4 cm2 and the beam area is presented in Fig. 6 for the
dipole antenna and antenna array. The beam area was defined
as the areawhose local TPD is larger than 1/e of themaximum
value. Also shown is the calculated temperature increase for
a uniformly exposed disk (‘‘Gaussan beam (see (9b))’’ in the
Fig. 6). For beam areas larger than a few square centimeters,
the heating factor becomes nearly independent of the area.

The heating factor associated with the dipole antenna was
assessed in the head of the anatomically detailed model
TARO and the homogenized head model in Fig. 7. Computed
results in averaging area of 4 cm2 were plotted in addition to
the 1-D and homogeneous cube curves. As shown in Fig. 7,
the realistic models show similar heating factors as for the
planar and cubic models. However, the heating factor for
the TARO is higher than that for the cube by 10-21%. This
difference is due in part to the parameter of blood flow in
subcutaneous tissue [23].

The exposure limits do not directly control the output
power of antennas near tissue surface, but the power is
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FIGURE 6. The heating factor for TPD averaged over 4 cm2 for dipole
antenna and dipole antenna array in a homogeneous planar model. Beam
area was defined as the area whose TPD is larger than 1/e of the
maximum value. The solution (see (9b)) for a Gaussian exposed disk of
radius corresponding to the beam area is shown. Also shown are FDTD
solutions for ideal Gaussian beam at different frequencies for
comparison. FDTD computation was conducted assuming the adiabatic
condition for comparison with analytical solutions. The FDTD solution for
the Gaussian disk model is almost equal to the analytical model.

FIGURE 7. The ratio of the surface temperature elevation to the TPD (the
heating factor) for the dipole antenna in anatomical human model. The
averaging area of TPD was 4 cm2.

indirectly controlled through the limits on basic restrictions.
Fig. 8 shows the maximum permissible output power com-
pliant with TPD limits of draft ICNIRP and IEEE limits from
dipole antennas and antenna arrays at the distance of 15 mm
from the tissue surface. As shown in Fig. 8, themaximum per-
missible power radiated from the half-wave dipole antenna
decreases gradually with increasing the frequency up to a
few GHz. Then it is almost frequency independent; for exam-
ple, the difference of the maximum permissible power from
resonant dipole antennas separated from the tissue surface by
15mmwas 21.9, 20.4, and 18.7 dBmWat 6, 30, and 100GHz.
However, maximum permissible power from dipole antenna
array decreases with the increase of the frequency because of
the smaller beam diameter at higher frequencies.

FIGURE 8. Permissible output power for dipole antenna and dipole
antenna array when SAR or TPD restricted to the exposure limit.

IV. DISCUSSION AND CONCLUDING REMARKS
The analytical and numerical solutions for the different mod-
els reviewed above show that the TPD is good metric to esti-
mate the maximum (skin) temperature elevation at mm-wave
band (above 30 GHz). The steady state temperature increase
from exposures to sources located close to the body surface is
generally smaller than from plane wave exposure at the same
peak TPD due to heat diffusion parallel to the skin surface.
However, for very near-field exposures (antennas much less
than a wavelength from the body surface), coupling effects to
the body become important (e.g., see Fig. 10 (b)).

The problem of exposure to beams of small area raises the
issue of proper choice of averaging area in the guidelines.
Both ICNIRP and IEEE limits specify averaging areas (1 cm2

from 30-300 GHz in proposed guidelines).
The concept of averaging area implicitly assumes that the

exposure is calculated as a running average of IPD or TPD
over the averaging area. That is perhaps adequate for most
exposures. However, a moremathematically correct approach
would require convolving the Green’s function for the bioheat
equation with the TPD [25]. Because the Green’s function is
sharply peaked at small distances [25, (A11)], a simple area
average of exposure will be a poor predictor of temperature
increase if the exposure is strongly nonuniform. That will
be the case for many of the exposures considered here that
result in small beam areas. If the beam intensity is constrained
by the requirement that the TPD is less than a fixed amount
when averaged over a finite area, that could potentially allow
very high peak TPD for very small area beams and possibly
excessive temperature elevation.

To evaluate this effect, we extend the analysis used for
Fig. 6 to very small beam areas, using the approximatemodels
for uniformly and Gaussian beams in the surface heating
approximation (see (9a, b)). If we assume that the averaging
area is a circle of radius Rav, the allowable TPD for large-area
exposures is Io, and the beam area impinging on the skin has
a radius R0, the maximum allowable TPD over the beam will
be Io (Rav/R0)2, where R0 ≤ Rav or Io for R0 ≥ Rav. The
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FIGURE 9. Steady state temperature increases in uniformly and Gaussian
disk models as function of disk area surrounded by unexposed skin. The
peak TPD was adjusted to maintain average TPD over 1 cm2 equal to
20 W/m2, corresponding to proposed ICNIRP basic restrictions
30-300 GHz. The calculations for the uniform and Gaussian beams (see
(9a, b)) assumed purely surface heating, while the FDTD calculations were
based on finite energy penetration depths appropriate for the indicated
frequency. FDTD computation was assumed the adiabatic condition for
comparison with analytical calculations.

peak increase in steady state temperature in the two models
is easily found from (9a, b) (see Fig.9).

Fig. 9 shows the peak temperature increases from these
two models, calculated assuming Io = 20 W/m2(proposed
basic restrictions for the general public, 6-300 GHz), and
Rav = 5.6 mm (for an averaging area of 1 cm2). The transmis-
sion coefficient was Ttr=1 to provide the TPD. The results
(Fig. 9) show that the peak temperature increases can exceed
1 ◦C for small beam areas (<≈ 0.08 cm2). This peak increase
could be a factor of 5 higher for occupational limits, and
could be as much as another factor of 4 higher below 30 GHz
(assuming that energy is accumulated over an averaging area
of 4 cm2 and deposited in a much smaller area) and exceed
thresholds for thermal pain (≈ 8 ◦C above normal skin tem-
perature).

The practical consequence of this increase in peak temper-
atures for small exposure areas is unclear for several reasons:
(a) To produce very small areas of exposure wouldmost likely
require very small sources located close to the skin, and the
subject would certainly be aware of them; (b) the calculated
temperature increases are steady state values, and any small
movement of the source with respect to the skin will even
out the temperature pattern; (c) for occupational exposures,
thermal pain avoidance would prompt an exposed worker to
move away from the source of exposure. ICNIRP limits for
far infrared energy (whose energy penetration characteristics
are similar to those of mm waves) specifies an averaging
area of 0.95 cm2 (11 mm diameter); the limits are designed
to protect against burns to a worker from clearly hazardous
exposures that are sufficient to cause burns before the worker
can move away from the source of exposure. Limits for the
general public clearly need to be more conservative (some
individuals cannot feel thermal pain).

The 1998 ICNIRP guidelines [currently in force] [1]
defined an averaging area of 1 cm2 with a peak allowable IPD:
‘Spatial maximum power densities, averaged over 1 cm2,
should not exceed 20 times the values above’. This is implic-
itly intended for a beam with a diameter smaller than 1 cm2

incident on the body which may be originally taken for non-
continuous exposures. In the ICNIRP laser guidelines [30]
and draft ANSI laser standard, the aperture of probe (equiv-
alent to diameter of the exposed area of skin) was defined as
11 mm from 300 GHz to 3 THz, which approximately coin-
cides with the area of 1 cm2 in the draft ICNIRP guidelines.
Assuming that further provisions in the limits are needed

to protect against excessive heating from very localized expo-
sures, two different strategies are possible. One is to reduce
the averaging area defined in the limits below 1 cm2, thereby
limiting the peak TPD for very small beams (the approach
taken in present ICNIRP limits). Attempting to control the
peak TPD for very small beams by reducing the averaging
area would be inefficient, since it would also limit much
less extreme nonuniform beam patterns that will not create
excessive heating. A better approach would be to limit the
peak TPD or IPD over small areas of skin. Such limits are also
included in current ICNIRP guidelines but not in the proposed
limits. At present there is almost no experimental data, nor
is there evidence that hazardous highly localized exposures
are likely to occur with current mm wave technology within
current or proposed ICNIRP limit. The issue warrants further
examination and experimental data.

In conclusions, the area-averaged TPD is a new and good
metric as a surrogate of the surface temperature elevation. The
averaging area of 4 cm2 would be reasonable for frequencies
up to 300 GHz provided that they are supplemented by limits
on the intensity of very small beams. Alternatively, an averag-
ing area of 1 cm2 for small beamwidths is a reasonable choice,
which also provides continuity with far-infrared guidelines
(>300 GHz).

APPENDIX
Fig. 10 shows the permissible output power to satisfy the
limits prescribed in ICNIRP 1998, IEEE C95.1-2005, and
IPD/TPD for the limit in the ICNIRP public consultation
version and IEEE C95.1 draft standard. Note that the limits in
the ICNIRP public consultation version and IEEEC95.1 draft
standard are the same except for the averaging area; 4cm2

in the IEEE whereas it is changed at 1 cm2 in the ICNIRP
public consultation document. In the appendix, the averaging
area was chosen as 4 cm2, for simplicity. The limit for TPD
and IPD for general public/unrestricted area in the public con-
sultation document and the draft standard are 20 W/m2 and
55 f -0.177 W/m2 where f is the frequency [GHz]. As shown
in Fig. 10, the continuity of the SAR and TPD are 2.6 and
2.3 dB for the dipole antenna and dipole antenna array,
respectively, at the transition frequency of 6 GHz, as is similar
to Fig. 8. This comparison also suggested that the TPD is
generally more conservative than IPD but it was not true
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FIGURE 10. Permissible output power for (a) dipole antenna and
(b) dipole antenna array for ICNIRP 1998, IEEE C95.1-2005, and IPD/TPD
averaged over 4 cm2 for the limit in the ICNIRP public consultation
version and IEEE C95.1 draft standard.

for the dipole array at 10 GHz, due to the antenna-human
coupling.

Colombi et al. [31] pointed out a drastic change of the
maximum permissible output power of antennas near tissue
surfaces to remain compliant with present MPE limits of dif-
ferent standards above and below the transition frequency (3-
10 GHz). However, for the metrics shown in the revised lim-
its (ICNIRP public consultation document and IEEE C95.1
draft standard), the change at the transition is smaller than
-2.6 dB, though only a limited number of antennas were
considered here. The reason for this gap is that the TPD limit
in the draft guidelines/standard are derived in a conservative
manner using 1-D analysis. However, this difference at the
transition frequency is much smaller than that of the current
ICNIRP and IEEE.
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