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Safety Checkpoints

Kazemipour A., Kleine-Ostmann T.,

Schrader T., Allal D., Charles M.,
Zilberti L., Borsero M., Bottauscio
O., Chiampi M.

ith the advent of new applica-

tions such as more sophisticated

airport security scanners, peupltﬂ-

will increasingly be exposed to mil-

limeter- and submillimeter-wave ra-

diation. While the question of whether non-ionizing

electromagnetic radiation has any nonthermal biologi-

cal effects remains subject to debate, the thermal ef-

fects of electromagnetic radiation are clearly evident.

Based on studies performed predominantly at lower

frequencies, safety limits have been set by the Inter-

national Commission for Non-lonizing Radiation

Protection [1]. Between 2 and 300 GHz, the safety

limit in terms of power flux density is 1 mW/om?®

This safety limit is derived from the basic limits de-

fined for a specific absorption rate (SAR) between

100 kHz and 10 GHz of 0.08 W/ kg for a body overall and

of 2 W/kg for a limb. These SAR values exhibit a safety

factor of 50 with regard to previously proven thermal
health effects.

Measurement studies have been performed to
determine the strength, in general terms, of the
radiated electromagnetic fields in security scanners.
However, due to variations among the emitted fields

in time, frequency, and space, measuring these
power densities accurately is a nontrivial matter [2].
The approach we have taken is based on measuring
the power density using a calibrated spectrum ana-
lyzer with an external mixer and a calibrated horn
antenna. From the measured (and corrected) power
level P and the antenna gain g, the power density at
the antenna location can be determined by
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where Aw is the effective antenna area, f is the fre-
quency, and ¢ the speed of light [3]. Using calibrated
measurement equipment allows traceability to the
International System of Units (SI). Measurement stud-
ies have shown that the maximum emission of secu-
rity scanners is many orders of magnitude below the
safety limits [4].

To find out how a radiated power density—either
a plane wave in the far field or a collimated Gauss-
ian beam—relates to heat induced in the human
body, we have taken a numerical modeling approach
implemented as a “homemade” finite element method
(FEM) tool. Because the penetration depth of millime-
ter-wave and terahertz radiation is well below 1 mm, it
is mainly the skin that is affected, but adjacent tissues
also have to be modeled to provide the correct bound-
ary conditions, especially for the thermal problem. In
a second step, we verified results based on thermal
infrared imaging of a skin phantom during illumina-
tion with millimeter waves.

Electromagnetic and Thermal Models

The heating induced by millimeter and submillimeter
electromagnetic radiation inside the human body can-
not be measured directly, but it can be estimated either
by numerical computations in human models or by



experiments performed on phantoms. Even though the
phantoms suitable for this application are now quite
primitive, they can still provide a useful tool for vali-
dating the accuracy of the computational techniques.

The computational approach requires a model of
human tissues that includes both the electrical (ie.,
electrical conductivity and permittivity) and thermal
(i.e,, thermal conductivity, per-unit volume heat capac-
ity, and blood perfusion coefficient) properties of each
tissue, as well as a numerical tool able to solve the elec-
tromagnetic and thermal field problems.

For the frequency band of interest, the low penetra-
tion of the electromagnetic waves implies that only the
most external tissues are involved in the phenomena.
This feature allows the use of simplified models (e.g.,
stratified disposition) with a limited number of tis-
sues and does not require complex representations of
the human body with numerous materials (e.g., voxel
maodels). The electrical and thermal parameters are
available on some online databases [5], [6], but these
are not free from uncertainty or possible value spread
because of the natural variability in the structure and
composition of biological tissues.

In particular, when data presented by different
authors [7]-[9] are compared, a very large variability is
found in the electrical properties of biological tissues
at 1 THz. This large range of variation in tissue prop-
erties has stimulated the development of parametric
analyses [10] and the adoption of statistical tools [11]
to investigate the influence of tissue parameters in the
thermal response of bodies exposed to millimeter and
submillimeter electromagnetic waves.

Based on the assumption that tissue properties are
not modified by a limited temperature elevation (as
a posteriori verified), the numerical approach can be
divided into the solving of two successive and separate
field problems:

1) the electromagnetic solution, ie, predicting the
propagation of the electromagnetic field inside
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the tissues and the power density deposited by
the wawe

2} the thermal problem, i.e, estimating the tempera-
ture elevation resulting from the power deposi-
tion and its diffusion in space and time.

A complete solution of the field propagation prob-
lem would be computationally demanding because
of the three-dimensional (3-D) characteristics of the
wave, the open-boundary domain, and the fine level
of discretization imposed by the wavelength at the
frequency of interest. The computational burden
is significantly reduced if we consider a flat, strati-
fiedd model of the human tissues (indefinite on the
xy-plane, with the final layer extending to infinite)
exposed to a continuous, uniform, and linearly polar-
ized plane wave, normally incident to the surface of
the model [see Figure 1(a)].

Under these reasonable assumptions, the wave
propagation becomes a one-dimensional problem
governed by the Helmholtz equation. The analytical
solution for the electric (E) and magnetic (H) fields in
each layer is the superposition of a progressive and a
regressive wave (the coefficients of which are deter-
mined by imposing the continuity of E and H across
all the interfaces), by assuming the amplitude of the
incident wave on the body surface as the driving term
and by adopting a zero value for the regressive wave
in the deepest layer, This solution also provides an
analytical expression of the distribution of the dis-
sipated average volume power density, which is the
source for the thermal problem.

The evolution of the temperature inside the body
model is described by the Pennes bioheat equation,
which, in its most general case, includes five terms:
thermal conduction, blood-perfusion effect, metabolic
heating, electromagnetic heating, and heat storage. By
expressing the same equation in terms of temperature
elevation with respect to a steady-state temperature dis-
tribution before exposure, the contributions of the meta-

bolic heating and of the blood
temperature become implicit.
The problem can then be
set by imposing the Robin con-
vection condition at the inter-
face with air, the continuity
of temperature and thermal
flux across the internal inter-
faces between the layers, and
a null temperature elevation

Incident 0.0 at infinite. The equation can
Wave 0 5 10 15 20 be further simplified when
Radius {mm) predicting the steady-state

(a)

Figure 1. The electromagnetic model: (a) the scheme of the stratified human model adopted
for solving the electromagnetic wave propagation problem and (b} the Gaussian scaling
factor imposed on the volume power density deposited by the electromagnelic wave.

{b) temperature produced by a
continuous radiation; in such
a problem, the term of the heat
storage vanishes, and an ana-
lytical solution is available,



Unfortunately, this ana-
Ivtical solution for the coupled

TABLE 1. The electrical and thermal properties of different tissues.

electromagnetic and thermal Skin e Muscle
problems is too conservative Relative permittivity &, 25 GHz 18.3 6.4 266
and not very realistic. The 100 CHz 5.4 3.67 B63
radiation is not uniformly dis- 1 THz a8 244 312
ributed over the whole body  F e (armi| 5 e 236 4.58 305
surface; rather, it is localized
by the beam to a restricted 100 GHz 34.0 10.6 62.5
zone. Moreover, the radia- 1 THz 44.5 41.9 594
tion is not applied continu-  Thickness {mm) L15 3.5 =
ously but only for a limited  ermal conductivity A [W/(m K)] 0.37 0.21 0.49
fime interval. Perfusion coefficient hy, [W/(m® K)] 7441 1903 2691
A more realistic represen- ) _
tation of the wave source js 128t capacity per unit valume ¢, [MI/(m* K)] 3de 2.14 373

given by a Gaussian focused

beam. This makes the ther-

mal problem (in terms of temperature elevation) a
3-D axial-symmetric problem, defined in a cylindrical
domain sufficiently large to allow the imposition of
a null temperature elevation on all external surfaces,
apart from the frontal interface with air. The solution
is obtained through the FEM method where first-order
elements are used and the unknowns are the nodal
values of the temperature elevation. Under dynamic
operating conditions, the FEM solution is inserted into
a step-by-step computational scheme and can account
for the presence of the heat storage term in the Pennes
equation. Finally, to simulate the effects of the focused
beam, the spatial distribution of the thermal power
density is properly weighted within the tissues accord-
ing to a Gaussian profile [12].

Simulation Results

Human tissues are represented through a stratified
structure composed of three homogeneous layers: the
skin, subcutaneous adipose tissue (SAT), and muscle.
The muscle depth is assumed to be sufficiently large
(40 mm) that its artificial boundary does not alter the
results. The values of the skin and SAT laver thick-
nesses are presented in Table 1, together with the ther-
mal and electrical properties of all tissues for (.025,
0.1, and 1 THz.

In all the simulations, the power density developed
by an incident, linearly-polarized plane wave is pre-
liminarily computed analytically. The wave carries,
under unperturbed conditions, a 1-W/m* power den-
sity on the body surface, but the results (distributions of
the temperature elevation) can be scaled linearly with
this quantity. When solving the thermal problem, the
computational domain is reduced to a stratified cylin-
der (radius = 80 mm} as illustrated in Figure 1(a), where
the 1-W/m* power density is focused around the cen-
tral axis according to the Gaussian profile presented
in Figure 1{b). The radiation is switched off after 1 s,
but the heating diffusion is analyzed during a time
interval of 8 =.

Figure 2 presents the distributions of per-unit vol-
ume power density deposited in the tissues along the
depth of the domain for all the considered frequen-
cies. The penetration is deeper for the lower frequen-
cies, but, in any case, the power density practically
vanishes outside the skin layer. A variation in the
curve slope always arises at the interface between
the skin and SAT, but it is noticeable only for the low-
est frequency.

The spatial distributions of the temperature eleva-
tion and their evolution over time are summarized
in the thermal maps shown in Figure 3 (at the end
of the exposure time t = 1 s} and Figure 4 (at f = § s).
These results reveal that the highest frequency gives
rise to the highest value of temperature elevation. Its
effect, however, is significant only for a depth less
than 1 mm, whereas, at 0.025 THz, an appreciable
value is found up to z = 3 mm. After the radiation is
switched off, the heating propagates mainly toward
the internal tissues (the radial diffusion is signifi-
cantly lower), and the peak value of the temperature
elevation quickly decreases.
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Figure 2. A diagram along the z-axis of per-unit volume
poiwer density deposited by the wave in the Hssues.
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Figure 3. Chromatic maps of the temperature elevation on an rz-plane (radius = 5 mm) at t = 1 s for (a) the 0.025-THz wave,

(b) the 0.1-THz wave, and (c) the 1-THz wave,
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Figure 4. Chromatic maps of the temperature elevation on

an rz-plane (radius = 5 nim) at t = 8 s for (a) the 0.025-THz
wave and (b) the 1-THz wave.

Figure 5. The exposure setup, including the human skin
<

phantom, an infrared camera, and a horn antenna as the

radiation source.

Measurement of Temperature

Elevation Based on Thermal

Imaging of Skin Phantoms

To verify the results from numerical simulations, a
phantom having electrical and thermal properties
comparable to human skin [13] has been exposed

to microwave radiation and monitored with ther-
mal infrared imaging. For the simple, practical
setup shown in Figure 5, the skin phantom has been
prepared with a gel layer (22-mm thick) composed
of TX151 powder (25%) and water (75%) spread
on a Plexiglass holder (3-mm thick). An RF gen-
erator (Agilent E8257D) at 35 GHz with an external
power amplifier (Centellax TA2U50HA: typical gain
24-25 dB; typical output power up to 24-27 dBm) has
been used to feed a horn antenna (Flann 23240-20,
with coaxial-to-waveguide adaptor 23094-VF50) that
serves as a radiation source at a distance of 10 ¢cm
from the human skin phantom. The sample is illu-
minated with a nearly Gaussian-shaped beam [14]
having a beam waist of approximately 2.25 ¢cm and
a maximum radiation power density of approxi-
mately 40 mW/cm® The resulting temperature
increase is measured with a conventional infrared
camera (FLIR SC300) using background noise (on
the order of 0.5 K) subtraction. Based on a large
number of experiments using different samples, we
estimate the expanded measurement uncertainty
for the extraction of temperature differences to 0.2 K
(k = 2, confidence interval 95%).

Comparison of Measurements

and Simulations

Using the thermal and electrical properties either
found in the literature or measured with a free-
space spectrometer setup based on horn antennas
and vector network analysis [4], simulations of the
temperature elevation in the skin phantom were
performed using an FEM [12]. Figure 6 shows the
comparison of our simulations with measurements
for different values of the heat transfer parameter
I, 0 which describes the heat transfer between the
phantom and the surrounding air.

The simulated temperature elevations are still sub-
ject to considerable uncertainty, which is due mainly to
the uncertainty of the power radiated by the antenna,
the parameters of the approximated Gaussian beam,
and the uncertain thermal and electrical parameters of
the gel phantom. However, measurements and simu-
lations match well, within the expected measurement
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Figure 6. The simulated temperature increase compared to the measured values extracted from the thermal image (shown in

the inset) taken after 900 s of RF exposiere.

uncertainties. While the measurement uncertainty
for temperature extraction is assumed to be 0.2 K
(k = 2, confidence interval 95%), the uncertainty of the
simulations (resulting from uncertainties in radiated
power, sample alignment and accurate sample-to-
antenna phase center distance, beam parameters, and
thermal and electrical parameters) is estimated to be in
the order of 20%.

Conclusions

We have demonstrated an approach for assessing the
power densities radiated by security scanners and
described in detail a methodology for simulating the
resulting heat transfer to the human skin. We have also
illustrated a simple and practical measurement setup
based on the illumination of a gel phantom with milli-
meter-wave radiation and temperature measurements
based on thermal imaging. The measurements show
that the simulations are realistic and, therefore, can be
used to predict the heat transfer to the human skin.
Further work on simulations and measurements, e.g.,
related to the heating of the eyes, are intended.
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