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ABSTRACT The human body’s absorption of electromagnetic fields from communication enabled devices
has consistently been a research topic for both researchers from universities and companies in the mobile
communication industry. The absorption of electromagnetic fields could mainly result in two consequences:
(a) antenna radiation efficiency of the device could deteriorate dramatically; and (b) a large amount of the
radiated power could be dissipated into the human body, such as the hand, ear, scalp and brain, which is
defined and described by Specific Absorption Rate (SAR). A comprehensive analysis of electromagnetic
field absorption by the human body has been carried out to explain and answer some of the key questions
in this area.

INDEX TERMS Handset antennas, RF exposure, specific absorption rate (SAR), antenna radiation
efficiency.

I. INTRODUCTION

COMMUNICATION enabled devices, such as smart
phones and smart watches, have been widely used in

our daily life. The interaction and absorption of electromag-
netic fields with the human body have received considerable
attention over the past many years. A measure of this
absorbed electromagnetic power by the human body is
known as Specific Absorption Rate (SAR). There are cur-
rently two different standards worldwide. The SAR specified
by FCC is that the maximum allowed power deposition is
1.6 W/kg in 1g of tissue from exposure to a communication
enabled device (U.S. and Canada), whereas the International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
requires a maximum allowed power deposition of 2 W/kg
in any 10g of tissue (EU, China, Japan and Brazil).
Significant work and progress have been reported in recent

years to develop more accurate methods of SAR evaluation
and measurements and SAR reduction techniques for mobile
hand-held and wearable devices [1]–[6]. However, most of
the reported work has been focused on practical approaches,
rather than theoretical methodology, to design antennas of
mobile devices with low SAR values, and many key ques-
tions associated with SAR remain unanswered. Based on the
SAR definition, the SAR value should be given by

SAR = σE2/ρ (1)

where σ is the conductivity of the human body [S/m]; E
is the induced electric field inside the human body [V/m];
and ρ is the density of the human body [kg/m3]. The unit
of SAR value is therefore W/kg. For standing wave anten-
nas used in most mobile devices, such as Planar Inverted-F
Antennas (PIFA) and monopole antennas, the maximum elec-
tric field and the magnetic field are at different locations. Just
like a standing wave in a transmission line, the location of
the maximum electric field in these antennas is actually the
location of the minimum magnetic field, and vice versa. In
SAR simulations and measurements for the antenna design
of mobile devices, the maximum hotspots of simulated and
measured SAR in a human body always correspond to the
highest electric current area of the antenna or the printed
circuit board (PCB), which is proportional to the tangential
component of the magnetic field. This phenomenon was actu-
ally observed in 1990s when SAR was studied using dipole
antennas [7]–[8]. However, according to the SAR definition
as given by equation (1), the SAR value is proportional to
the electric strength in the human body and the absorption
is caused by the electric field. This is why SAR measure-
ment systems for mobile devices, such as the well-known
DASY system, use electric field probes for SAR measure-
ments. This “contradiction” has puzzled many researchers
and engineers working in this area for many years. To the
author’s knowledge, there are no published research papers
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FIGURE 1. A mobile device being closely placed to the human tissue.

or other publications in the literature to comprehensively
explain this phenomenon. Unless this puzzle is solved, it
is very difficult to understand the mechanism of electro-
magnetic field absorption in the human body so as to find
accurate and effective approaches for SAR reduction.
It is the purpose of this paper to study and analyze the

mechanism of electromagnetic field absorption in the human
body in the antenna design of mobile devices and to explain
and solve this puzzle. The analysis is based on the bound-
ary conditions of electromagnetic fields at the interfaces
of the antenna and/or PCB, air gap and the human tissue
that could be fat, muscle, skin or combination of them, in
which a mobile device with an antenna is closely placed to
the human body. Simulated results for simplified models at
a typical frequency for mobile devices are initially presented
to demonstrate how the electromagnetic field interacts with
and penetrates the human body. More realistic models with
a whole human phantom head has been subsequently simu-
lated and analysed. Based on these results the phenomenon
outlined above can be easily explained and understood.

II. ELECTROMAGNETIC FIELD ABSORPTION
Fig. 1 (a) shows an antenna mounted on a PCB of a mobile
device and a block of dielectric material representing the
human tissue. The antenna is designed to operate at the
frequency band from 1710 to 2170 MHz. The simulated elec-
tric current and the electric field at frequency 1850 MHz are
given in Fig. 2. As can be observed, the electric current and
electric field distributions are indeed the same as described
in the previous section, namely the maximum location of the
electric current being the minimum location of the electric
field, and vice versa.
The simulated electromagnetic power absorption in the

block of the human tissue is illustrated in Fig. 3. Two cases
have been examined: in the first case the human tissue is the
fat with dielectric constant = 4.9, conductivity = 0.03 S/M
and the density 1100 kg/m3, while in the second case the
human tissue is the muscle with dielectric constant = 54.0,
conductivity = 1.0 S/M and the density 1050 kg/m3. The
spacing between the top surface of the PIFA antenna and
the block of the human tissue is 4.0 mm in these simula-
tions. The frequency used in the simulation is 1800 MHz.
It can be seen that for the first case, the location of the
hotspot is close to the open end of the PIFA antenna that

FIGURE 2. Simulated results of PIFA antenna.

FIGURE 3. Simulated electromagnetic power absorption.

is the maximum electric field area. This is in agreement
with the SAR definition described by equation (1). On the
other hand, for the human muscle case, the SAR hotspot
is located at the feeding area of the PIFA antenna where
the electric current reaches its peak value. Other spacings,
such as 2.0 mm or 6.0 mm, have also been simulated, and
the results are very similar to those with the 4.0 mm spac-
ing. As mentioned in the previous section, the phenomenon
in the second case has been observed and experienced by
many researchers and engineers who are working in SAR
simulations and measurements for the antenna design of
mobile devices. These simulated results imply that the loca-
tion of the SAR hotspot depends completely on the dielectric
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FIGURE 4. Vector fields between the antenna and the muscle tissue.

constant value of the block of the loss human tissue. For the
human tissue with a very high dielectric constant, such as
the human muscle, the SAR hotspot is located at the high
electric current (the strong tangential magnetic field) area of
the antenna, and for the human tissue with a low dielec-
tric constant, the SAR hotspot is located at the high electric
field area of the antenna. A model similar to that shown in
Fig. 1 at frequency 860 MHz has also been simulated. The
results are very similar to those at the frequency 1800 MHz
presented above.

III. ANALYSIS USING BOUNDARY CONDUCTIONS
In this section, we study the unexplained phenomenon out-
lined above based on electromagnetic boundary conditions.
The vector electromagnetic fields in the air gap between
the PIFA antenna and the human muscle have been simu-
lated as shown in Fig. 4. As can be observed, the normal
component of the vector electric field is much more domi-
nant than the tangential component, whereas the tangential
component of the magnetic field is much stronger than the
normal component.
The field distribution presented in Fig. 4 could be

explained by examining the interfaces of the simulated
model. Fig. 5 shows a diagram illustrating a simplified model
of the PIFA, the air gap and the human body. The two sides
of interface one are air and an antenna radiator, which is
usually a good conductor. The boundary conditions of elec-
tromagnetic fields at interface one in the air gap region
could be approximately considered as the boundary condi-
tions of a perfect conductor, which is given by the following
equations:

En1 = ρs/ε0 (2)

Hn1 = 0 (3)

Et1 = 0 (4)

Ht1 = Js (5)

FIGURE 5. Simplified model of PIFA, air gap and human body.

where the subscript “n” and “t” denote the normal compo-
nent and tangential component of the fields, and ρs and Js are
the electric surface charge density and current density at the
interface, respectively. The “1” denotes region one, namely
the air gap region. As the air gap is electrically a very small
region, the electromagnetic field distribution in the air gap
is approximately the same as the boundary condition of the
perfect conductor described in equation (2)-(5), which indi-
cates that the normal component of the electric field and the
tangential component of the magnetic field are much more
dominant than the other components. The above analysis is
probably a good explanation for the electromagnetic field
distribution shown in Fig. 4.
For interface two, as shown in Fig. 5, air and the human

body are at the two sides, and the boundary conditions of
electromagnetic fields could be approximately considered
as the boundary conditions at a dielectric interface though
the human body is not an ideal dielectric material. These
boundary conditions are given by the following equations:

En2 = (ε1/ε2)En1 (6)

Hn2 = (µ1/µ2)Hn1 (7)

Et2 = Et1 (8)

Ht2 = Ht1 (9)

where the subscript “n” and “t” denote the normal com-
ponent and tangential component of the fields, and ε and
µ are the dielectric constant and permeability, respectively.
The subscript “1” denotes region one, namely the air gap
region, while the subscript “2” denotes region two, namely
the human body region. In accordance with equation (6), the
attenuation factor of the dominant normal component of the
electric field from the air gap to the human body is ε1/ε2,
where ε1 is air dielectric constant and ε2 the dielectric con-
stant in the human body. It is therefore very difficult for the
electric field to penetrate from the air gap into the human
body if the human body has a very large dielectric constant.
On the other hand, based on equation (7) and (9), both of the
components of the magnetic field continue at the interface
between the air gap and the human body since permeability
of the human body is the same as that of air. This implies
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that the magnetic field can easily penetrate into the human
body from the air gap. Furthermore, as indicated in Fig. 5, in
the human body, an electric field is induced by the magnetic
field because the propagation wave is a travelling wave in the
human body being basically a homogenous and loss material.
The strength of the induced electric field is determined by the
wave impedance in the human body given by η = √

(µ2/ε2).
The main reason why the propagation wave in the human
body is a travelling wave rather than a standing wave is that
there is virtually no reflection wave within the human body,
because the electromagnetic wave has been totally absorbed
by the high loss human body before it reaches a discontinues
boundary.
To summarize the above analysis, the mechanism of elec-

tromagnetic absorption by the human body for the usage
of mobile devices could be described as follows: when
a mobile device is closely placed near the human body,
in the air gap between the mobile device’s antenna and/or
PCB and the human body, the normal component of the
electric field and the tangential component of the magnetic
field are much more dominant than the other components.
The electric field cannot penetrate into the human body
because of the high attenuation factor ε1/ε2 if the human
body has a very high dielectric constant, whereas the mag-
netic field could penetrate into the human body freely due
to the continuous boundary conditions at the interface. The
penetrated magnetic field could induce electric field in the
human body because the propagation of electromagnetic field
is a travelling wave. The induced electric field is subse-
quently absorbed by the human body, and the measure of that
absorption is defined by Specific Absorption Rate (SAR).
Consequently, the hotspot of the SAR is at the location of
the maximum magnetic field that corresponds to the maxi-
mum electric current area of the antenna. It should be noted
that the PIFA antenna shown in Fig. 5 could be replaced
by a PCB or any other kind of metallic component in
which the electric current is excited by the antenna con-
necting to the PCB. In such circumstances, the mecha-
nism of electromagnetic absorption by the human body is
the same.

IV. SIMULATIONS OF HUMAN PHANTOM HEAD
To further validate the mechanism of electromagnetic absorp-
tion by the human body, it is pertinent to examine a more
realistic model. Fig. 6 shows the simulated model of
a phantom head and hand with a mobile handset at
frequency = 1800 MHz. The simulated electric field and
loss are illustrated in Fig. 7. As can be seen, there is a clear
border between the air gap and the human head. The simu-
lated magnetic fields and loss are depicted in Fig. 8, from
which it can be observed that the magnetic field contin-
ues at the interface between the human head and the air
gap. A similar model at frequency = 850 MHz has also
been simulated, and the results are almost identical. These
simulated results are in agreement with the mechanism of

FIGURE 6. Simulated model of a phone beside a phantom head.

FIGURE 7. Cross section of electric field distribution (Y-O-Z plane).

FIGURE 8. Cross section of magnetic field distribution (Y-O-Z plane).

electromagnetic absorption by the human body outlined in
the previous section.

V. CONCLUSION
The mechanism of electromagnetic absorption by the human
body has been comprehensively studied using the boundary
conditions and simulations of electromagnetic fields. A “con-
tradiction” that has puzzled many researchers and engineers
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for many years has been clearly explained. It is expected
that the presented analytical methodology and conclusions
could have significant impact on the research of SAR reduc-
tion and antenna efficiency improvement when a hand-held
or wearable mobile device is closely placed to the human
body.
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