
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY 1

Estimation Formulas for the Specific Absorption Rate
in Humans Exposed to Base-Station Antennas

Marie-Christine Gosselin, Günter Vermeeren, Sven Kühn, Valpré Kellerman, Stefan Benkler,
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Abstract—The demonstration of compliance with guidelines for
human exposure to base-station antennas can be a time consum-
ing process or often results in overly conservative estimates. To
alleviate this burden and reduce the overestimation, approxima-
tion formulas for the whole-body average specific absorption rate
(SAR) and the peak spatial SAR of human bodies using readily
available basic antenna parameters have been developed and vali-
dated in this study. The formulas can be used for adults standing in
the radiating near field of base-station antennas operating between
300 MHz and 5 GHz, at distances larger than 200 mm. It is shown
that the 95th-percentile absorption for the human population can
be well approximated by the absorption mechanism and statis-
tical data of weight, height, and body-mass index of the human
population. The validation was performed numerically using three
anatomical human models (Duke, Ella, and Thelonious) exposed to
12 generic base-station antennas in the frequency range 300 MHz
to 5 GHz at six distances between 10 mm and 3 m. From the 432
evaluated configurations, the estimation formulas for adult mod-
els are proven to be conservative in predicting the SAR exposure
values of the two adults, but as expected not of the child.

Index Terms—Anatomical models, base-station antennas, elec-
tromagnetic fields, occupational exposure, safety limits, specific
absorption rate (SAR).
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M.-C. Gosselin, S. Kühn, A. Christ, and N. Kuster are with the Foundation
for Research on Information Technologies in Society (IT’IS), Zurich 8048,
Switzerland (e-mail: gosselin@itis.ethz.ch; kuehn@itis.ethz.ch; christ@itis.
ethz.ch; kuster@itis.ethz.ch).

G. Vermeeren, W. Joseph, and L. Martens are with the Department of Infor-
mation Technology (INTEC), Ghent University, Ghent 9000, Belgium (e-mail:
gunter.vermeeren@intec.ugent.be; wout.joseph@intec.ugent.be; luc.martens@
intec.ugent.be).

V. Kellerman and F. J. C. Meyer are with EM Software & Systems,
Stellenbosch, Western Cape 7600, South Africa (e-mail: valpre@emss.co.za).

S. Benkler is with Schmid and Partner Engineering AG, Zurich 8004,
Switzerland (e-mail: benkler@speag.com; fjcmeyer@emss.co.za).

T. M. I. Uusitupa is with Aalto University School of Science and Technology,
Espoo 02150, Finland (e-mail: tero.uusitupa@aalto.fi).

A. Gati and J. Wiart are with France Telecom Research & Development, Paris
75018, France (e-mail: azeddine.gati@orange-ftgroup.com; joe.wiart@orange-
ftgroup.com).

T. Nojima and T. Hikage are with Hokkaido University, Sapporo
060-0809, Japan (e-mail: nojima@ice.eng.hokudai.ac.jp; hikage@wtemc.ist.
hokudai.ac.jp).

Q. Balzano is with the University of Maryland, College Park, MD 20742
USA (e-mail: qbalzano@umd.edu).

Digital Object Identifier 10.1109/TEMC.2011.2139216

I. INTRODUCTION

IN MOST countries, exposure to RF fields from base-station
antennas is regulated by the guidelines published by the

International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) [1] or by the rules from the Institute of Electrical
and Electronics Engineers (IEEE) [2].

In [1], two different types of limits are defined: the basic
restrictions, limiting the specific absorption rate (SAR) and the
current density inside the body, and the reference levels, limiting
the incident electric and magnetic fields. The latter are secondary
and derived from the basic restriction limits. In the near field
of radiating structures, e.g., close to base-station antennas, the
reference levels can be very conservative, i.e., the ratio between
incident field values and SAR is much larger than that of refer-
ence levels and basic restrictions. Therefore, measurements of
the fields around base-station antennas lead to very conservative
exposure estimates. On the other hand, on-site SAR measure-
ments are technically challenging and laboratory measurements
at large distances from RF sources are not always possible.

In the vicinity of base-station antennas, where the highest RF
fields are present, the exposure scenarios are, however, relatively
well defined. The data sheet of the antenna typically contains
information about its dimensions and radiating properties. Thus,
the development of an SAR estimation for humans standing in
the radiative near field or far field of base-station antennas is
desirable.

Exposure of anatomical human bodies to base-station an-
tennas has already been studied in the past [3], [4], but the
exposure matrices used were not extensive. Moreover, most
studies involving simulation of detailed heterogeneous human
models in front of base-station antennas have used the Visible
Human model [5], [6]. This model has been found to be nei-
ther representative of the average human nor leading to worst
case absorption. Plane-wave exposure of various human mod-
els shows that a compliant SAR for the Visible Human model
does not necessarily lead to a compliant exposure of a smaller
model [7] and that the guidelines are not always conservative
for the exposure of children [7], [8].

Some work has been done in [9] to extract formulas to es-
timate the SAR due to exposure to base-station antennas. This
estimation is based on a fit of a large set of SAR data extracted
from the literature. However, it only includes a few adult mod-
els and the statistical evaluation is biased by the use of the
Visible Human model. Moreover, the frequency range is limited
to 800–2200 MHz.

0018-9375/$26.00 © 2011 IEEE
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Fig. 1. Three anatomical human models from the VF. From left to right: VFM,
VFF, and VFB.

A more general approach to this problem consists of apply-
ing physical considerations to develop estimation formulas and
comparing the results from the obtained formulas with the SAR
values from an extensive exposure matrix of humans in front of
base-station antennas.

II. OBJECTIVES

The main objective of this study is to support the develop-
ment of the International Electrotechnical Commission (IEC)
standard PT62232. In detail, this includes the following:

1) development of estimation formulas for the whole-body,
1 g, and 10 g SAR based on physical considerations as
well as numerical results;

2) validation of the formulas by numerical evaluation of the
whole-body average SAR (wbSAR) and peak spatial SAR
(psSAR) of high-resolution anatomical models exposed to
several base-station antennas at various distances and sides
of exposure.

III. METHODS

A. Anatomical Body Models

As shown in Fig. 1, three members of the virtual family (VF)
[10] were used: Duke, the virtual family male (VFM), Ella,
the virtual family female (VFF), and Thelonious, the 6-year-old
virtual family boy (VFB). These models, distinguishing about
80 tissue types, are based on medical resonance images (MRI)
of healthy volunteers. The dielectric parameters of the tissues

TABLE I
CHARACTERISTICS OF THE HUMAN MODELS

were assigned according to the parametric model described in
[11] and to the equivalence table provided with the VF models.
Table I presents the age, weight, height, cross-section surface
Scs and skin surface SDu Bois given by (1), of the three models.

The human models developed for the VF are representative of
average humans in the population (based on statistical data from
[12]). As the estimation formulas are developed based on the
premise of being conservative for 95% of the adult population,
it is not expected that the simulation results from the VF models
exceed the exposure predicted by the estimation formulas.

B. Antennas

Twelve generic base-station antenna models were developed
based on realistic antennas: two for each of six frequencies
within the range 300 MHz to 5 GHz. The antennas were
selected to represent typical wireless base-station antennas.
Table II summarizes their specifications, including N , the num-
ber of elements, D, the largest dimension of the antenna, Φ3dB ,
the horizontal half-power beamwidth (HPBW), and Θ3dB , the
vertical HPBW. The antenna models were validated by com-
paring their far-field characteristics, as well as the electric and
magnetic fields in four planes at various distances in front of the
antennas, from finite-difference time-domain (FDTD) method
and method of moments (MoM) simulations to the values from
the data sheet of the manufacturer.

C. Numerical Methods

All the numerical evaluations of the exposure of a human body
in front of a base-station antenna were performed using the in-
house simulation platform SEMCAD X (SPEAG, Switzerland),
which includes a postprocessor for evaluation of the psSAR
according to [13] for any user-specified averaging mass.

Placement of the models at great distances in terms of wave-
length causes the computational problem to become very large
when using the traditional FDTD method. A new method, called
the generalized Huygens box (GHB) method [14], has been de-
veloped and implemented in SEMCAD X. In this method, the
incident fields from the antenna are computed in free space us-
ing either FDTD, MoM, an analytical method, or some other
method, and recorded on the surface of the GHB surrounding
the human model. For the exposure evaluation, which requires a
locally very fine grid resolution, the previously recorded fields
are interpolated and enforced on the FDTD grid at the surface of
the GHB [14] while the model is inside. The SAR computation
is then performed as when using the traditional FDTD method.
The GHB method was only used for configurations where the
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TABLE II
SPECIFICATIONS OF THE GENERIC BASE-STATION ANTENNAS

Fig. 2. Diagram representing the steps in elaborating the SAR estimation formulas.

coupling between the human model and the antenna could be
neglected.

IV. ESTIMATION FORMULAS

The following section describes the steps in the elaboration of
the estimation formulas of the wbSAR and psSAR for exposure
from base-station antennas. A diagram of these steps is pre-
sented in Fig. 2. First, the exposed human body is represented
by a cuboid, as already proposed in [15] and [16], but never
used before with the aim of developing any kind of analytical
estimation. An analysis of the population statistical distribution
of weight, height, and body-mass index (bmi) allows us to de-
rive the dimensions of a human body leading to a conservative
exposure for 95% of the population. A simple expression of the
wbSAR is found and validated for plane-wave exposure, includ-
ing enhancement due to tissue layers. An analysis of plane-wave
results is then performed to derive worst case ratios of wbSAR
on psSAR.

The expression of the average power density along a vertical
line in the boresight direction of the antenna is taken from
[17]. Knowing that exposure from a base-station antenna is not
uniform over the entire cross section of the body, an effective
radiated surface of the exposed cuboid is defined. Thereafter, the
formulas of the wbSAR and psSAR are determined, depending
on readily available antenna parameters, the radiated power,
the antenna-cuboid distance, and the dimensions of the 95th-
percentile human.

A. Generic Human Model

As a first step, the human phantom is approximated by a
cuboid with the same height, weight, and skin surface as the

human it represents. The cuboid is homogeneous with a density
ρ = 1000 kg/m3 . The skin surface of a human S can, for ex-
ample, be approximated from its weight m and its height H by
DuBois and DuBois [18]

SDuBois
[
cm2] = 71.84 (m [kg])0.425 (H [cm])0.725 . (1)

The total surface of the cuboid is calculated using (1) and its
volume is found from its weight and density. The surface area
and the volume V can also be expressed as a function of the
dimensions of the cuboid: its height H , width W , and depth D.
The latter two are found by solving this system of equations of S
and V . The largest of the two obtained dimensions is associated
with the width and the smallest with the depth, which maximizes
the cross section for frontal exposure and leads to a unique
cuboid for each considered body. The dielectric properties of
the homogeneous cuboid are set according to [19].

B. 95th-Percentile Representative Phantom

Instead of generating the cuboid from the dimensions of a
specific human body, a more general approach of the estimation
formulas consists of using the dimensions of a realistic human
body that would lead to a worst case exposure covering 95% of
the adult human population. The highest wbSAR is reached for
a maximum ratio of Scs/m [3], [7]. For a uniform exposure over
the entire cross section of the cuboid, the wbSAR, SARwb , can
be estimated by

SARwb =
Scs

m
PD,t (2)

where PD,t is the power density transmitted into the solid and
Scs = W · H is taken as the frontal surface of the cuboid, as
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Fig. 3. Cross section to mass ratio of the associated cuboid as a function
of the weight and height of the human body. Only the points for which the
weight, the height, and the bmi are within the range “mean ± 2 × standard de-
viation” are displayed, i.e., 46.7 kg < m < 98.2 kg, 1.55 m < H < 1.82 m,
and 16.9 kg/m2 < bmi < 34.1 kg/m2 , respectively.

it has been shown that frontal exposure leads to the highest
wbSAR when exposed either to plane waves [7], [20] or to
base-station antennas [3], [5].

Diverse Populations Collaborative Group [12] provides an-
thropometric data (mean and standard deviation of weight,
height, and bmi) for several groups of adults from the U.S.,
Europe, and Asia. Assuming that these data are representative of
the global population, 95% of the population have their weight,
height, and bmi included in the range “mean ± 2 × standard de-
viation.” Fig. 3 shows the cross section to mass ratio of cuboids
based on weights, heights, and bmi within the range containing
95% of the population. The highest cross section to mass ratio of
12.0 × 10−3 m2/kg, indicated by a circle in Fig. 3, is obtained
for the lightest human and a maximum height, which is limited
by the minimum bmi.

Under base-station antenna exposure, however, the entire
body is typically not uniformly exposed; the power density is
higher around the vertical center of the antenna. In this case,
a shorter and wider human body would absorb more radiation.
The shortest and lightest human, shown by a square in Fig. 3,
leads to a cross section on the mass ratio of 11.2 × 10−3 m2/kg.
In the case of exposure to base-station antennas, this is more
likely to lead to the highest wbSAR; thus, these dimen-
sions were chosen to represent the 95th-percentile human (see
Table III). For a typical base-station exposure, i.e., stronger in
the center, the estimation will be conservative for 95% of the
adults in the population. If, however, the base-station antenna
is such that the exposure is uniform over the entire height of
the model, we expect this cuboid to lead to a conservative esti-
mation of the exposure for 90% of the adults: the chosen value
of cross section on the mass ratio (square marker) is 94% of
the maximum value (circle marker), itself leading to a 95%
estimation.

TABLE III
DIMENSIONS OF THE CUBOID REPRESENTING THE 95TH-PERCENTILE

HUMAN BODY

C. Induced Power Density

The SAR is defined as a function of the electric field in a solid
Erms,t

SAR =
σ |Erms,t |2

ρ
(3)

where σ and ρ are the conductivity and density of the material,
respectively. On the other hand, one can use the properties of
a base-station antenna to compute the power density averaged
along a vertical line having the same height as the antenna (see
Section IV-A). In the next paragraphs, the relationship between
the transmitted electric field and the incident power density will
be developed and used to express the SAR as a function of a
quantity related to base-station antenna exposure: the incoming
power density PD,i .

The power density of an electromagnetic wave PD is defined
from its electric and magnetic fields E and H, respectively

�PD = �{ �Erms × �H∗
rms}. (4)

Assuming plane-wave propagation, the electric and magnetic
fields are orthogonal and the impedance of the wave is defined
as Z = E/H =

√
μ/ε, where μ is the complex permeability

and ε the complex permittivity.
For a plane wave coming from free space at normal incidence

to a nonmagnetic medium of relative complex permittivity εr ,
the transmitted electric field Et is related to the incident electric
field Ei via the transmission coefficient t = 2

1+
√

εr
. Using these

definitions, the transmitted power density PD,t can be expressed
as

PD,t = Zi |t|2 �
{

1
Z∗

t

}
PD,i (5)

where Zi and Zt are the impedance in the incidence and trans-
mission media, respectively. And the transmitted electric field
can be written as

|Erms,t |2 = Zi |t|2 PD,i . (6)

Using the SAR definition from (3), one can find the SAR at
x = 0 inside a medium, SAR(0), using (6), if the incident face
of the medium is perpendicular to the direction of propagation
of the incident wave

SAR(0) =
σ

ρ
Zi |t|2 PD,i(0). (7)
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D. Whole-body Average SAR

This section presents a general expression for the wbSAR,
based on the same type of development as used in [21] for the
10 g psSAR, i.e., from an approximation based on the SAR at
the surface of the model.

The average wbSAR, SARwb, is defined as the ratio of the
total absorbed power to the total absorbing mass. In the case of
a homogeneous solid, the average over the total volume Vtot can
be written as a function of the position-dependant local SAR,
SAR(x, y, z):

SARwb =
1

Vtot

∫∫∫

vol
SAR(x, y, z)dxdydz. (8)

This expression is valid for a homogeneous solid of arbitrary
shape, but the integral becomes much simpler to evaluate in the
case of a cuboid. The edge effects and the reflections from the
back of the cuboid are neglected, i.e., the cuboid is treated as a
portion of half-space. For a wave propagating in the x-direction,
we assume that the SAR in the yz-plane is uniform1 over the
“exposed region” Ryz and zero outside. The SAR decays expo-
nentially along x from the surface of the medium to its depth
xd , so (8) becomes

SARwb =
1

Vtot

∫∫∫

vol
SAR(x)dxdydz (9)

=
1

Vtot

∫∫

Ry z

dydz

∫ xd

0
SAR(0)e

−2 x
δ dx (10)

where δ is the penetration depth. Worst case will be reached for
a thick model that will absorb all the power (xd � δ)

SARwb =
1

Vtot

δ

2
SAR(0)

∫∫

Ry z

dydz. (11)

For plane waves, the penetration depth is expressed as a func-
tion of the angular frequency ω, the real part of the relative
permittivity ε′r , and the conductivity σ [22]

δ =
1
ω

⎡

⎣
(

μ0ε
′
r ε0

2

)
⎛

⎝

√

1 +
(

σ

ωε′r ε0

)2

− 1

⎞

⎠

⎤

⎦

−1/2

. (12)

E. Tissue Layering

The enhancement of the SAR due to a layered structure com-
pared to a homogeneous one has been shown exhaustively in the
past [23]–[25]. In particular, the authors of [26] used far-field-
like exposure, a simplified 1-D model of tissue–layer compo-
sitions, and a set of all the possible layer compositions at any
location at the surface of any human body in the population.
They have shown that the effect on the 10 g psSAR could be up
to 3 dB.

Using the same set of layer compositions, computation model,
and exposure, we have assessed the enhancement on the ab-
sorbed power integrated along the depth of the body, assum-
ing that no reflections are coming from the back surface of the

1For exposure from base-station antennas, the evaluation of the power density
from the properties of the antenna is averaged over the height of the antenna
(see Section IV–I).

Fig. 4. CDF of the enhancement of the absorbed power in a layered volume
compared to a homogeneous volume [19] exposed to plane waves.

structure. We exposed the half-space layers of tissues to incident
plane waves at seven different frequencies between 30 MHz and
5.8 GHz. The absorbed power in these structures was compared
to the absorbed power in the homogeneous body with dielectric
properties set according to [19].

Fig. 4 shows the cumulative distribution function (CDF) of
the enhancement of the total absorbed power in the different
configurations of layers compared to a homogeneous solid. The
configurations of layers causing the worst case enhancement
(3 dB) are not found in every human body. Considering a real-
istic scenario where these configurations are present, it would
be unreasonable to assume that they cover the entire cross sec-
tion. So even if these configurations are present, the increase of
the whole-body SAR would be lower than 3 dB. Furthermore,
most of the configurations leading to enhancements higher than
2.5 dB include a thick layer of fat, which is inconsistent with
the cuboid chosen in Section IV-B representing a thin human
body. To avoid this overestimation, a more reasonable enhance-
ment factor of 2.5 dB was chosen. The wbSAR including the
layer enhancement factor will be a factor 102.5/10 higher than
the wbSAR of a homogeneous volume. This value is validated
using plane-wave simulations in Section IV-F.

F. Whole-body Average SAR—Plane-Wave Exposure

For a cuboid exposed to uniform plane waves, the exposed
region Ryz is simply the area of the surface of incidence Scs and
(11) becomes

SARwb =
1

Vtot

δ

2
WbodyHbodySAR(0) (13)

=
δ

2Dbody
SAR(0) (14)

where Dbody, Wbody, and Hbody are the depth, width, and height
of the cuboid, respectively.
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Fig. 5. Comparison between wbSAR of the heterogeneous VFB from plane-
wave exposure [7], [20] and the cuboid approximation, for a power density
exposure at ICNIRP level.

TABLE IV
ICNIRP [1] (10 KHZ TO 10 GHZ) AND IEEE [2] (300 KHZ TO 100 GHZ) BASIC

RESTRICTIONS FOR OCCUPATIONAL EXPOSURE

To validate the cuboid approach and the layer enhancement
factor of 2.5 dB, simulation results of plane waves were com-
pared to the estimation of the wbSAR from (14) and (7). Fig. 5
shows the results from plane-wave exposure (worst case of po-
larization and exposure side) of the VFB from [7] and [20]
between 300 MHz and 5 GHz. The results are expressed as the
percentage of the wbSAR basic restriction reached for a plane-
wave exposure at the reference level (according to ICNIRP, see
Tables IV and V). Additional simulations were performed us-
ing a homogeneous cuboid based on the height and weight of
the VFB (cuboid: 19.4 kg, 0.065 m × 0.253 m × 1.176 m)
frontally exposed to vertically polarized plane waves. The di-
electric properties were set according to [19], which are based
on a 95% requirement for near-field exposure. The compen-
sation factors introduced in [19] were not taken into account,
since the enhancement due to tissue layering was considered
separately here. Fig. 5 shows that the simulation of the cuboid
(gray markers) as well as the estimation of the wbSAR based on
its dimensions (gray line) is much lower than the wbSAR of the
VFB (black markers) over the entire frequency range. The esti-
mation based only on homogeneous considerations (gray line)
is close to the simulation results of wbSAR of the homogeneous
cuboid. On the other hand, the estimation including the layering
enhancement of 2.5 dB (black line) is at the same level as the
results of the VFB.

TABLE V
ICNIRP REFERENCE LEVELS FOR OCCUPATIONAL EXPOSURE

For frequencies higher than 2 GHz, the dielectric properties
from [19] lead to more conservative results from the cuboid
simulations, as well as from the approximation including the
layering enhancement. We can conclude that (14) and (7) com-
bined with a layering enhancement factor of 2.5 dB are a good
approximation for frequencies between 300 and 2000 MHz,
and more conservative than the plane-wave simulation results
for higher frequencies.

G. Peak Spatial SAR

The psSAR is highly dependent on the anatomical properties
and posture of the phantom [20]. The position of the potential
local enhancement parts of the body, typically the wrists, ankles,
nose, or groin, relative to the local field maxima also has a
direct influence on the psSAR value. Thus, the psSAR for a
specific configuration of antenna and phantom is hard to evaluate
without a simulation. However, the ratio between the wbSAR
and the psSAR determined from plane-wave simulations allows
a rough but simple worst case estimation. Fig. 6 uses plane-
wave exposure data of standing models from [7] and [20] to
show Rwb/R1g ,10g , the ratio between the wbSAR (to its ICNIRP
basic restriction: Rwb = SARwb/SARlimit

wb ) and the psSAR (to its
ICNIRP basic restriction: R10g = SAR10g/SARlimit

10g or R1g =
SAR1g/SARlimit

1g ).
A ratio depending on the frequency range is used to estimate

the psSAR from the estimation of the wbSAR

Rwb/1g =
{

0.6 if 300 MHz ≤ f ≤ 2.5GHz
0.3 if 2.5 GHz < f ≤ 5GHz (15)

Rwb/10g =
{

1.5 if 300 MHz ≤ f ≤ 2.5GHz
1 if 2.5 GHz < f ≤ 5GHz. (16)

This frequency-dependent ratio is based on plane-wave expo-
sure of standing models. Since it does not consider the eventual
local enhancements due to the radiation pattern of the antenna
or the posture of the model, it should at least be conservative
enough to include all the results of plane-wave exposure pre-
sented here. Other postures might cause substantially higher
psSAR, as shown in [20].

The expression of the psSAR (SAR1g or SAR10g ) based on
these ratios and on (14) for wbSAR is

SAR1g ,10g

SARlimit
1g ,10g

=
1

Rwb/1g ,10g

SARwb

SARlimit
wb

(17)

SAR1g ,10g =
1

2Rwb/1g ,10g

SARlimit
1g ,10g

SARlimit
wb

δ

Dbody
SAR(0). (18)
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Fig. 6. Ratio of the wbSAR to the psSAR for standing models under plane-
wave exposure from [7] and [20]. The curves of Rwb/1g (15) and Rwb/10g (16)
are also represented. (a) Rwb/R1g , (b) Rwb/R10g .

H. Cylindrical Propagation—Radiating Near Field

It was shown in [17] that cylindrical propagation could be
assumed in the radiating near field of a collinear array antenna.
The power flux is then confined within the horizontal HPBW
Φ3dB and the overall height of the antenna L. The average power
density2 PD along a vertical line of length L at a distance r from
the center of phase of the antenna in the boresight direction is
given by

PD (r,Φ3dB) =
Prad

Φ3dBrL

√

1 +
(

r
r0

)2

r0 =
Φ3dB

4π
GAL (19)

2It has previously been mentioned by our group [3] that (19) comes from [27],
but as was pointed out to us by Dr. Faraone, that was a misinterpretation, and
(19) comes from [17]. This does not influence any of the statements made in [3].

Fig. 7. Comparison of average power density from simulations and calculated
from (19). For each antenna, the D/2 limit is shown by a point on the curve.

where Prad is the power radiated from the antenna and GA its
directivity.

Equation (19) and the physical characteristics of the anten-
nas were used to compute the average power density along a
vertical line parallel to the axis of the 12 antennas described
in Section III-B. Fig. 7 compares the results of (19) with
the computation of the average power density from free-space
simulations.

Equation (19) should be used with caution at small distances
from very large antennas (where D/2 > 200mm, such as the
300-, 450-, and 900-MHz antennas in Fig. 7) as well as with
antennas for which the width is comparable to the height (such
as the 300 MHz H66V60 and the 3500 MHz H20V19) since
(19) is based on the hypothesis that the antenna has a slender
shape. However, for the 12 antennas used in this paper and for
distances larger than 500 mm, the equation either underestimates
the simulation results by no more than to 0.4 dB or overestimates
them, leading to a more conservative SAR estimation, by at most
0.8 dB. Fig. 7 shows that (19) is also a good approximation in
the far field of the antennas.

I. Whole-body Average SAR—Base-Station Antennas

In (11), the exposed region Ryz depends strongly on the hu-
man model in front of the antenna and the characteristics of the
antenna itself. Once again, a simple case is to approximate the
human body by a cuboid of depth Dbody, width Wbody, and height
Hbody. However, the entire height or width of its cross section
might not be homogeneously exposed by the wave coming from
the antenna. The exposed portion of its width and height are
named Weff and Heff, respectively. In this case, (11) for the
wbSAR can be written as

SARwb =
1

Vtot

δ

2
WeffHeffSAR(0) (20)

=
1
2

δ

Dbody

Weff

Wbody

Heff

Hbody
SAR(0). (21)
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Fig. 8. Schematic side view of the exposed vertical length as defined in (23),
at various distances from the antenna, depending on its vertical opening angle.
The bold lines indicate the upper and lower boundaries of Heff.

We consider that the model is exposed over its entire width
(Weff = Wbody), which is a worst case assumption. However,
we assume that the exposed portion of its height varies with
the distance between the body and the antenna, the height of
the phantom, and the beam spread Hbeam, calculated from the
far-field characteristics of the antenna (vertical HPBW, Θ3dB )

Hbeam = 2d tan(Θ3dB/2) (22)

where d is the distance between the outer most point of the
antenna and a box bounding the human model. The expression
of Heff chosen is shown in (23) and represented in Fig. 8

Heff =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Hbody if Hbody ≤ L
else
L if Hbeam < L,Hbody (A)
Hbeam if L ≤ Hbeam < Hbody (B)
Hbody if Hbody ≤ Hbeam (C).

(23)

If the phantom is shorter than the antenna, Heff is equal to
Hbody, regardless of the antenna-body distance. Otherwise, if
the phantom is taller than the antenna and the beam spread (see
Fig. 8, position p1), Heff is equal to the height of the antenna.
If the beam spread is bigger than the antenna height, but still
shorter than the phantom (see Fig. 8, position p2), the height of
the beam spread is taken for Heff. And if the phantom is shorter
than the beam spread, the entire height of the body is exposed
(see Fig. 8, position p3), so Heff is equal to Hbody. Vertically
and horizontally, the center of the human body is considered
to be aligned with the center of the antenna, which maximizes
the exposed height and width (trunk), thus leading to worst case
exposure.

J. Issues Relative to Short Antenna-Body Distances

For short antenna-human body distances, the complex shape
of the human body leads to a high uncertainty of the distance.
Moreover, the assumptions made in the last paragraphs are no
longer valid very close to the antenna (d < λ/2π). The field
is complex and no general equation can easily be assumed or
derived. The energy reflected by the human can possibly be very
strong, changing the impedance of the sources and, thus, the
radiating properties of the antenna [26]. In Refs. [28] and [29],

measurements for distances up to 200 mm from the antenna
are suggested. We also propose that dosimetric measurements
be made closer than 200 mm to ensure compliance with the
guidelines.

K. Final Form of the Estimation Formulas

This section presents the final version of the estimation for-
mulas in their general form, with3 r � d. The frequency range
has been restricted to the range within which we could vali-
date the formulas with the simulation results (see Section V),
i.e., 300 MHz to 5 GHz. The equations do not include possible
effects produced by the presence of reflective walls or ground
plane as studied in [30]

SARwb =
100.25

2
δ

Dbody

Weff

Wbody

Heff

Hbody
SAR(0) (24)

SAR1g ,10g =
100.25

2Rwb/1g ,10g

SARlimit
1g ,10g

SARlimit
wb

δ

Dbody
SAR(0) (25)

with

SAR(0) =
σZi |t|2 Prad

ρΦ3dBLd

[

1 +
(

4πd

Φ3dBGAL

)2
]−1/2

(26)

Rwb/1g =
{

0.6 if 300 MHz ≤ f ≤ 2.5GHz
0.3 if 2.5 GHz < f ≤ 5GHz (27)

Rwb/10g =
{

1.5 if 300 MHz ≤ f ≤ 2.5GHz
1 if 2.5 GHz < f ≤ 5GHz (28)

Heff =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Hbody if Hbody ≤ L
else
L if Hbeam < L,Hbody

Hbeam if L ≤ Hbeam < Hbody

Hbody if Hbody ≤ Hbeam

(29)

Hbeam = 2d tan(Θ3dB/2) (30)

Weff = Wbody (31)

t =
2

1 +
√

ε
(32)

δ =
1
ω

⎡

⎣
(

μ0ε
′
r ε0

2

)
⎛

⎝

√

1 +
(

σ

ωε′r ε0

)2

− 1

⎞

⎠

⎤

⎦

−1/2

.

(33)

L. Compact Form of the 95th-Percentile Estimation Formulas

The estimation formulas are written here in a more compact
form based on the premise of covering 95% of the adult human

3The distance r used in (19) is measured from the center of phase of the
antenna, which corresponds to the surface of the back reflector if one is present.
On the other hand, d is defined as the distance between the outer most point of the
antenna and a box enclosing the body. Taking r � d leads to an underestimation
of r, so a higher power density, thus a higher SAR estimation. Antenna users
can only measure the distance from the radome of a given antenna, so that the
approximation r � d is both more representative of practical measurements and
more conservative.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

GOSSELIN et al.: ESTIMATION FORMULAS FOR THE SPECIFIC ABSORPTION RATE IN HUMANS EXPOSED TO BASE-STATION ANTENNAS 9

TABLE VI
PIECEWISE LINEAR APPROXIMATION OF C(f )a

population. To simplify the expression of the estimation formu-
las, the parameters that present only a frequency dependence
have been gathered into a separate parameter C(f):

SARwb = C(f)
Heff

0.089m × 1.54m
Prad

Φ3dBLd

×
[

1 +
(

4πd

Φ3dBGAL

)2
]−1/2

(34)

SAR1g ,10g = 25 × SARwb
1.54m
Heff

1
Rwb/1g ,10g

(35)

Heff =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1.54m if 1.54m ≤ L
else
L if Hbeam < L, 1.54m
Hbeam if L ≤ Hbeam < 1.54m
1.54m if 1.54m ≤ Hbeam

(36)

Hbeam = 2d tan(Θ3dB/2) (37)

Rwb/1g =
{

0.6 if 300 MHz ≤ f ≤ 2.5 GHz
0.3 if 2.5 GHz < f ≤ 5 GHz

(38)

Rwb/10g =
{

1.5 if 300 MHz ≤ f ≤ 2.5 GHz
1 if 2.5 GHz < f ≤ 5 GHz

(39)

C(f) =
100.25

2
δ(f) |t(f)|2 σ(f)

ρ

√
μ0

ε0
. (40)

The coefficient C(f) is frequency dependent. It can be evalu-
ated using the values of conductivity and permittivity from [19].
Table VI shows the approximation of C(f). The deviation in
C(f) is less than 5%, which will lead to an error lower than 5%
in the SAR.

V. NUMERICAL VALIDATION

The SAR in heterogeneous structures such as a human body
is impossible to measure, even with state-of-the-art systems.
The results of wbSAR and psSAR from the approximation for-
mulas were, thus, validated by comparison to numerical results
from the commercial FDTD simulation platform SEMCAD X
using an extensive list of configurations of humans in front of
base-station antennas. To further verify the simulation results, a
few specific configurations were run independently by various
groups using other simulation tools, such as the commercial
platforms FEKO (EMSS, South Africa) and XFdtd (Remcom,
PA), as well as the in-house codes from Hokkaido University,
France Telecom Research and Development, and Aalto Univer-
sity. The extensive exposure matrix consists of all the possible
combinations of the following specifications:

Fig. 9. Comparison of the simulation results of wbSAR and psSAR with the
estimation formulas developed in Section IV and the ratio of (19) to the ICNIRP
power density limit, for the antenna 900 MHz H65V7. The SAR is expressed
as a ratio to the ICNIRP basic restrictions for a radiated power of 13.1 W.
(a) wbSAR, (b) 1 g psSAR, and (c) 10 g psSAR.

1) twelve antennas (six frequencies: 300, 450, 900, 2100,
3500, and 5000 MHz);

2) six distances: 10, 50, 300, 500, 1000, and 3000 mm;
3) three human models: VFM, VFF, and VFB;
4) two exposure sides: front and back.
Only exposure from the front and the back of the model was

simulated as it has already been shown to lead to the worst case
wbSAR [3], [5], [7], [20]. The human models and the antennas
are aligned center-to-center both horizontally and vertically.
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Fig. 10. Histograms of the deviation between the bulk simulation results of
the three models (>200 mm) and the estimation formulas based on the 95th-
percentile human body cuboid (simulation/estimation). (a) wbSAR, (b) 1 g
psSAR, and (c) 10 g psSAR.

The comparison between the wbSAR and psSAR from the
estimation formulas and from the simulations is presented in
Fig. 9 for the antenna 900 MHz H65V7. The results are dis-
played as a ratio to the SAR limit (see Table IV), normalized
such that the average power density 200 mm from the antenna
computed with (19) is equal to the ICNIRP power density limit.
For this antenna, this corresponds to a radiated power of 13.1 W.
The curve of the ratio of the power density calculated from the
antenna properties (19) to the ICNIRP power density limit is
also shown.

It can be observed in Fig. 9 that the estimation formulas
are conservative for the adult models at distances further than
200 mm, but not always for the VFB when considering the
wbSAR. This is also the case for the 11 other antennas. At low
frequencies, the ICNIRP power density limit is more conserva-
tive than the estimation formulas of the wbSAR and the psSAR
(as can be seen in Fig. 9). For higher frequencies (not shown
here), the ICNIRP power density limit is more conservative than
the wbSAR estimation formula in almost every case and the 10 g
psSAR estimation formula is only about 1 dB more conservative
than the ICNIRP power density limit. However, the estimation
of the 1 g psSAR is about 5 dB more conservative than the
ICNIRP power density limit.

The results from Fig. 9, as well as the ones obtained for the
11 other antennas, are statistically analyzed to allow general
observations and conclusions to be derived. Fig. 10 presents the
deviation between the estimation formulas and the simulation
results (>200 mm) for all the human models, sides of exposure,
and antennas, where values lower than 0 dB represent configu-
rations for which the formulas give a conservative estimation of
the SAR. These histograms show that the estimation formulas
for the wbSAR are more conservative than the results of the bulk
simulations using the adult models, VFM and VFF, for all the
simulation configurations (for distances higher than 200 mm).
However, the estimation formulas for the wbSAR do not consti-
tute a conservative approximation of the absorption in the VFB
as only adults are taken into account in the statistical analy-
sis leading to the 95th-percentile human. For the 1 g and 10 g
psSAR, governed by the shape of the body rather that of its cross
section, the results of the VFB are distributed similarly to the
results from the adult models, and the estimation formulas are
conservative for all the models and configurations (>200 mm).

VI. DISCUSSION AND CONCLUSION

The developed estimation formulas are based on the identified
absorption mechanisms derived from physical considerations
combined with plane-wave simulations of anatomical human
bodies. They estimate the 95th-percentile wbSAR and psSAR
values of adults (i.e., maintenance personal) in the vicinity of
base-station antennas. The estimation formulas were validated
with extensive simulations.

The validation by numerical means also demonstrates that the
approximation is not always conservative for children. However,
the available data do not allow determination of the uncertainty
of the approximation with respect to the 95th-percentile ex-
posure due to missing worst case anatomical/generic models.
Nevertheless, confidence is high due to the step-by-step ap-
proximation with uncertainty analysis. The comparison with
the simulated configurations provides no indication of a strong
overestimation or underestimation of the 95th-percentile expo-
sure. However, the estimation formulas only consider standing
models, whereas a different posture could increase the psSAR.

In the reactive near-field region, estimation formulas as well
as full-wave simulations have been found to be problematic in
estimating human exposure due to the strong dependence of the
localized absorption on the human anatomy. Furthermore, the
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effects of reflections of the human body on the antenna
impedance, the feeding network in particular and possibly
the power amplifier, are not predictable with state-of-the-art
simulation tools without detailed knowledge of the antenna feed
system and its RF power source. Thus, at close antenna-body
distances of less than 200 mm, SAR measurements are strongly
recommended for demonstrating compliance. The selection of
the most appropriate phantom needs to be investigated in future
work.
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