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Due to the expected mass deployment of millimeter-wave wireless technologies, thresholds of
potential millimeter-wave-induced biological and health effects should be carefully assessed. The
main purpose of this study is to propose, optimize, and characterize a near-field exposure configu-
ration allowing illumination of cells in vitro at 60 GHz with power densities up to several tens of
mW/cm?. Positioning of a tissue culture plate containing cells has been optimized in the near-field
of a standard horn antenna operating at 60 GHz. The optimal position corresponds to the maximal
mean-to-peak specific absorption rate (SAR) ratio over the cell monolayer, allowing the achieve-
ment of power densities up to 50 mW/cm? at least. Three complementary parameters have been
determined and analyzed for the exposed cells, namely the power density, SAR, and temperature
dynamics. The incident power density and SAR have been computed using the finite-difference
time-domain (FDTD) method. The temperature dynamics at different locations inside the
culture medium are measured and analyzed for various power densities. Local SAR, determined
based on the initial rate of temperature rise, is in a good agreement with the computed SAR
(maximal difference of 5%). For the optimized exposure setup configuration, 73% of cells are
located within the 43 dB region with respect to the average SAR. It is shown that under the
considered exposure conditions, the maximal power density, local SAR, and temperature incre-
ments equal 57 mW/cm?, 1.4 kW/kg, and 6 °C, respectively, for the radiated power of 425 mW.
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INTRODUCTION

The rapid progress in integrated technologies at
millimeter waves [Niknejad, 2010] and the increasing
demand for higher data rate communications and
mobility have triggered an exponential interest in the
development of new millimeter-wave wireless applica-
tions [Xiao et al., 2008]. In particular, one of the
objectives of the Wireless High Definition Interest
Group (WiHD) and the Wireless Gigabit Alliance
(WiGig) is to develop broadband short-range commu-
nication systems and promote new standards for in-
door wireless high-definition multimedia transmissions
at 60 GHz [WiHD, 2011; WiGig, 2011]. Compared to
the already available wireless microwave technologies,
the advantages of these upcoming systems are numer-
ous, including faster data rates (over 2 Gbit/s), large
and license-free bandwidth, reduced antenna size, and
low interference between devices. Integrated front-
ends at 60 GHz are expected to be commercialized by
2014 on laptops, and millimeter-wave body-centric
communication systems are now under study.

© 2011 Wiley Periodicals, Inc.

According to the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) guide-
lines, commonly used as a reference for the safety
exposure limits in the 60-GHz band [ICNIRP, 1998],
the incident power density (IPD) averaged over
20 cm? is limited to 1 mW/cm? for the general pub-
lic and 5 mW/cm?® for workers. However, spatial
maximum power densities up to 20 mW/cm? (general
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public) and 100 mW/cm? (workers) are permitted for
local exposure scenarios (power density averaged
over 1 cm2) [ICNIRP, 1998]. Exposures under these
conditions have had a limited practical interest so
far, but should now be studied in detail due to the
expected development of body-centric communica-
tion systems [Xiao et al., 2008]. In such systems, an-
tennas are placed directly on the body inducing
localized exposures of the superficial body layers. In
this context, it is fundamental to identify power den-
sity thresholds of potential biological consequences
in order to precisely determine safe exposure limits.

In the past several years, biocompatibility issues
related to near-future environmental millimeter-wave
exposures have been investigated [Zhadobov et al.,
2011]. As far as biological results are concerned,
some scientific reports suggest that there are no sig-
nificant reproducible changes due to the exposure to
low-power electromagnetic fields below 1 mW/cm?
at 60 GHz [Zhadobov et al., 2007, 2009; Nicolas
et al.,, 2009a,b], whereas other recent publications
demonstrated changes in cell membrane potential at
de/(:m2 levels [Pikov et al., 2010; Siegel and Pikov,
2010; Gapeyeyv et al., 2011].

In parallel, several studies have been conducted
at medium-power levels (typically 1-10 mW/cm?) on
the potential biomedical applications of millimeter
waves [Pakhomov et al.,, 1998; Radzievsky et al.,
2008; Ramundo-Orlando et al., 2009]. In most of
these works, cells, animals, or humans have been lo-
cally exposed by a horn antenna. In contrast to low-
power exposures, these induce a superficial heating
(typically 1-2 °C, depending on the antenna and ex-
posure area [Alekseev et al., 2010]), which is partly
compensated by the blood flow in in vivo models.
The local exposure of the skin at millimeter waves
has been extensively investigated from electromag-
netic and thermodynamic points of view [Alekseev
et al., 2008a,b; Alekseev and Ziskin, 2009a,b]. More-
over, several experimental techniques have been in-
troduced to quantify thermal effects resulting from
millimeter-wave exposure; they are summarized in
Zhadobov et al. [2011]. In addition, some recent
studies have demonstrated that high-power millime-
ter-wave exposures (160 mW/cm?) may result in bio-
logical effects that are different from those observed
for equivalent temperature increments induced by in-
frared heating [Alekseev et al., 2010].

In this context, the accurate electromagnetic
and thermal analysis of the power-dependent thresh-
olds and potential combined electromagnetic/thermal
millimeter-wave induced effects at the cellular level
is of utmost importance. This requires development
of specific exposure systems [Paffi et al., 2010].
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Free-space exposure set-ups or anechoic cham-
bers have been previously used in most of the studies
on cell or animal exposures to millimeter waves
[Szabo et al., 2001, 2003; Safronova et al., 2002;
Chen et al., 2004; Zhao and Wei, 2005; Siegel and
Pikov, 2010]. Far-field set-ups allow simultaneous
exposure of several samples and provide a nearly
uniform distribution of the power density over a sam-
ple set (typical deviations of the power density are
less than 30%) and a low peak-to-mean power densi-
ty ratio. However, the efficiency of far-field exposure
systems is low (less than 10-15%), which results in
low power density levels in the biological samples
(below several mW/cm?). For a given radiating struc-
ture, there are two possible solutions to achieve
higher power densities: increase the output power or
bring the sample closer to the antenna. The first solu-
tion implies using high-power generators that are not
always available for research purposes. The second
one requires characterization of the near-field distri-
bution in presence of biological samples in the reac-
tive zone. For the implementation of the second
approach, accurate dosimetry and optimization of the
near-field exposure set-ups is crucial, as significant
deviations of the temperature and specific absorption
rate (SAR) profiles may appear even for small dis-
placements (several millimeters) between an antenna
and a sample.

In this study, we propose and optimize a near-
field configuration of an exposure system at 60 GHz
with high power densities (up to several tens of mW/
cm?) for in vitro experiments. In order to extensively
characterize exposure levels, three complementary
parameters have been determined and analyzed,
namely the power density, SAR, and temperature
dynamics.'

MATERIALS AND METHODS
Exposure Set-Up

In this study, cells were illuminated under near-
field conditions by a standard 16.2-dBi-gain pyrami-
dal horn antenna (Fig. 1) within a compact tempera-
ture-controlled anechoic exposure chamber. The
main hardware parts of the experimental set-up,
namely the narrowband 60-GHz power generator, fre-
quency and power control unit, and exposure cham-
ber, were previously reported for a far-field
configuration [Zhadobov et al., 2009].

'Some preliminary numerical results have been presented at the
European Conference on Antennas and Propagation (EuCAP),
2010 [Zhadobov et al., 2010].
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Fig. 1. 3D view of the pyramidal horn antenna and tissue culture
plate. Solid lines: exposed well; dashed lines: empty wells.

The 10-pwm thick cell monolayer is located at
the bottom of a central well (35 mm in diameter) of
a standard 6-well tissue culture plate (8.6 %
12.7 cm?) and is covered by a I-cm thick tissue cul-
ture medium (Fig. 2). Human keratinocyte cells have
been considered since they are the main constituents
of the skin and, in case of whole-body exposures, are
the primary target of millimeter waves. The antenna
aperture dimensions, inner cross-section of the rect-
angular WR-15 feeding waveguide (V-band) operat-
ing in the TE;, fundamental wave mode, and axial
distance from the waveguide/horn interface to the ap-
erture equal 22.2 x 16.7 mmz, 375 x 1.88 mmz,
and 18.9 mm, respectively. Computed return loss of
the antenna was below —20 dB at 60 GHz for the
antenna in free space, as well as for the antenna in
front of the tissue culture plate.

The positioning (distance d in Fig. 1) of the ex-
posed sample is optimized to extend the range of in-
cident power densities at least up to 50 mW/cm? (for
a fixed radiated power of 425 mW) and ensure high
mean-to-peak SAR ratio within a cell layer (all other
exposure arrangements being the same as in Zhado-
bov et al. [2009]). To this end, a parametric study
has been carried out (refer to Optimization of the Ex-
posure Set-Up Configuration Section). The results
show that the optimal value of d equals 25 mm at
60 GHz.
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Fig. 2. Geometry of the exposed well containing the culture medi-
um and cells. a: 3D view. b: Top view.

Numerical Electromagnetic Model

The accurate measurement of the local power
density and SAR with a spatial resolution better than
1 mm is a very challenging task for millimeter-wave
exposures. Practically, the experimental dosimetry at
these frequencies involves the use of relatively large
probes (with dimensions on the order of one-half of
the free-space wavelength). Moreover, these probes
may significantly perturb the near-field distribution,
which makes them inappropriate for near-field local
measurements. Furthermore, indirect dosimetric tech-
niques, for instance, infrared thermometry, are not
appropriate in this experimental configuration since
the cell monolayer is separated from the air by a
lossy (at infrared frequencies) polystyrene layer.
Therefore, we focused on the numerical analysis in
this part of the study.

The geometric model used for numerical simu-
lations is represented in Figures 1 and 2. Only the
feed antenna and one well of the tissue culture plate
(shown by solid lines in Fig. 1) have been simulated
to reduce the total computational volume represented
for each simulation by over 50 million mesh cells.
As the dielectric permittivity and electrical conduc-
tivity of polystyrene at 60 GHz are much smaller
than those of cells and culture media [Zhadobov

Bioelectromagnetics



58 Zhadobov etal.

et al., 2008], the contribution of the reflections from
the neighboring empty wells to the SAR distribution
is expected to be negligible. The meniscus effect,
considered an important factor for frequencies
around 1 GHz, is neglected since the skin depth of
the 60-GHz radiation is much smaller than the thick-
ness of the culture medium.

The dielectric properties of the well and biolog-
ical samples at 60 GHz are given in Table 1. The
complex permittivity of the cells has been deter-
mined as explained by Zhadobov et al. [2008]. The
complex permittivity of the culture medium has been
measured at 37 °C using a slim open-ended coaxial
probe provided by Agilent (Oberhaching, Germany).

The finite-difference time-domain (FDTD)
method has been used to conduct this numerical do-
simetry study. Small substructures including the cell
monolayer have been carefully taken into account
using non-uniform adaptive meshing. The electro-
magnetic simulations have been carried out using the
conformal FDTD solver SEMCAD X provided by
Schmid & Partner (Zurich, Switzerland). All simula-
tions have been performed using a FDTD mesh with
a cell size ranging from A./137 = 0.005 mm (in the
cell layer in z direction) up to A¢/20 = 0.25 mm (in
free space), where A, = 0.685 mm and A9 = 5 mm
are the wavelength in the cell monolayer and the
free-space wavelength, respectively. Mesh cell size in
x and y directions ranges from 0.05 to 0.25 mm. The
numerical results have also been confirmed using an
XFDTD solver (REMCOM, State College, PA). In
the simulations, we assume that the dielectric permit-
tivity, conductivity, and mass density are temperature
independent in the 37-43 °C temperature range.

Thermal Measurements

Temperature increase should be carefully char-
acterized for medium- and high-power exposures of
living systems to millimeter waves as temperature
increments can lead to biological consequences for
both in vitro and in vivo models. Here, we experi-
mentally analyze the transient heating and steady-
state thermal dynamics within the biosamples
exposed at 60 GHz.

TABLE 1. Dielectric Properties Used for the Numerical
Modeling at 60 GHz

Relative Conductivity
Substructure/material permittivity (S/m)
Background/air 1 0
Antenna/perfect electric conductor — o0
Tissue culture plate/polystyrene 23 0.001
Culture medium 15.5 83.8
Cells 10.9 50.4
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The measurements have been performed using
a 4-channel Reflex fiber optic thermometer (NEO-
PTIX, Québec, Canada) as shown in Figure 3. The
fiber can be fixed in nine different positions using a
specific holder made of Teflon, attached to the upper
side of the well cover. The temperature is recorded
at the tip of the fiber (0.4 mm in diameter) with
0.01 °C resolution and relative accuracy of
40.05 °C. Absolute accuracy of measurements was
adjusted at 37 °C with £0.1 °C precision using a wa-
ter etalon with known temperature.

RESULTS

Optimization of the Exposure Set-Up
Configuration

The purpose of the optimization of the position-
ing of the tissue culture plate is to find the optimal
relationship between the peak-to-mean SAR over the
cell monolayer (to be minimized) and IPD (to be
maximized). The strategy implemented for optimiza-
tion consists of two parts.

First, the maximum power density (PD,,,,) and
the power density averaged over the surface corre-
sponding to the cell monolayer area (PD,,) are com-
puted in free space in several horizontal planes
parallel to the antenna aperture and located at differ-
ent distances (d) from the antenna (from O to
70 mm). The cost function (Fpp(d)) used to optimize
the distance d is defined as follows:

PD,,
Fpp(d) = < >PDaV

1
PDrmax M

The factor PD,,/PD,,.x represents the mean-to-
peak power density ratio; it increases with d, whereas
the second factor, PD,,, decreases as a function of d.
Figure 4 shows Fpp as a function of d. Three distan-
ces (20, 25, and 30 mm) corresponding to values of
Fpp close to its maximum are chosen for further op-
timization because this methodology does not guar-
antee the optimal SAR distribution within the cell
layer.

Second, using the three preselected distances,
the optimal value of d is determined based on the
SAR distribution within the cell layer. The cost func-
tion to be maximized is similar to the one used in
Equation (1):

SAR,y
SARmax

FSAR(d) = ( >SARav (2)
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Fig. 3. Schematic representation of the temperature measurement set-up. The temperature is
monitored within the culture medium using a fiber optic thermometer. White dots (side view) refer to
the locations ofthe fiber tip. Dimensions of the well are givenin Figure 2.

where SAR,, and SAR,,,, are the average and maxi-
mum SAR values within the cell layer, respectively.
The values of Fgar(d), as well as SAR,, and SAR ..«
for d =20, 25, and 30 mm are summarized in
Table 2. According to these results, the optimum dis-
tance d is 25 mm.

For this configuration, three major dosimetry
characteristics have been considered in detail: (1) the
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Fig. 4. Cost function used to optimize the distance between the
antenna andtissue culture plate.

power density—the main dosimetric quantity in the
10-300 GHz range; (2) the SAR, which also takes
into account the dielectric (conductivity) and physi-
cal (mass density) properties of the exposed samples;
and (3) the temperature distribution and dynamics,
particularly important for medium- or high-power
exposures.

Electromagnetic Dosimetry

The IPD, as well as the local and average SAR
and the power loss within the cell monolayer have
been computed and analyzed. The maximum radiated
power of the horn antenna is 425 mW at 60 GHz
(this corresponds to the maximum radiated power

TABLE 2. SAR-Based Optimization of the Distance
Between the Antenna and Tissue Culture Plate

d (mm) Fau(d) SAR,, (W/kg) SARpax (W/kg)
20 210 720 2471
25 325 673 1393
30 183 506 1397

Bioelectromagnetics
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that can be delivered by our millimeter-wave source
[Zhadobov et al., 2009]).

Local SAR distributions within the cell mono-
layer computed at 60 GHz are represented in
Figure 5a in the horizontal cross-section, and in
Figure 5b,c in several vertical cut-planes. The results
demonstrated that 73% of the cells are located within
the +3 dB region, relative to the average SAR value;
and 83% of cells are located within the £5 dB re-
gion. The computed standard deviation of the local
SAR within the cell layer equals 383.3 W/kg
(£28%) compared to the average SAR within the
cell monolayer. The computed total power loss with-
in the cell layer and within the culture medium
equals 7 and 180 mW, respectively.

In order to estimate the variability of the con-
sidered characteristics as a function of frequency, we
computed the IPD and maximum, minimum, and av-
erage SAR at eight discrete frequencies within the
57-64 GHz range for the radiated power of 425 mW.
The antenna/tissue culture plate separation d was
the same as for the 60-GHz configuration (25 mm).
The data, mean value for each parameter over the
considered frequency range, and standard deviation
are summarized in Table 3. These results demonstrate
that a 1 GHz shift significantly changes the SAR
and IPD values. This demonstrates that the frequency
stability, as well as positioning of the tissue
culture plate should be precisely controlled during
the exposure experiments in order to ensure the
reproducibility.

As the power density and SAR increase linearly
with the radiated power, the following relationship
can be derived for the considered characteristics
based on the data obtained at 60 GHz:

SARpax [W/kg] = 30 X SARpmin[W /kg]
= 2 x SAR,[W /kg]

=253 x IPD[mW/cm?] = 3.3 x Py[mW]  (3)

The maximum IPD value that can be extracted
from this exposure set-up at 60 GHz is 57 mW/cm?.
This satisfies the requirements defined in Exposure
Set-up Section.

Measurements of the Temperature Dynamics

From the numerical modeling point of view, the
determination of the temperature dynamics within bi-
ological samples exposed to millimeter waves is a
difficult task as many parameters should be carefully
taken into account. These include: (1) the SAR in-
duced in the cell layer and culture medium
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Fig. 5. Computed distribution of the local SAR within the cell
monolayer exposed at 60 GHz for a radiated power of 425 mW. a:
Local SAR at the half-height of the cell monolayer (5 wm). b: Verti-
cal profiles in E-plane. c: Vertical profiles in H-plane. These pro-
files correspondto the six cut planes shownin (a).



TABLE 3. SAR and IPD at Eight Discrete Frequencies
Within the 57-64 GHz Range (Radiated Power Is 425 mW)

f SARphax SARin SAR,, IPD
(GHz) (W/kg) (W/kg) (W/kg) (mW/cm?)
57 1960 95 582 60
58 2315 37 673 91
59 1830 8 558 70
60 1397 46 673 57
61 1877 76 793 60
62 1605 6 573 53
63 1522 55 572 55
64 3530 31 832 111
57-64 2005/680 44/31 657/106 70/21
(mean/SD)

considered as a thermal source; (2) thermal proper-
ties of the cells and culture medium and boundary
conditions that must be properly defined; and (3)
thermal conductivity, convection, and radiation phe-
nomena. Furthermore, thermoregulation within the
incubator during exposure should also be taken into
account. As a consequence, the numerical results for
the temperature distributions could significantly devi-
ate from real values.

An alternative solution is to measure the tem-
perature dynamics. To this end, we used a fiber optic
thermometer. In addition to the compact size and
possibility to locally monitor the temperature dynam-
ics, the fiber optic probe does not perturb the electro-
magnetic field distribution within the sample.

Figure 6 represents the temperature dynamics
within the well exposed at 60 GHz for a radiated
power of 425 mW. The temperature profiles are
shown for the different locations of the fiber tip
(Fig. 3). The fiber tip was immersed in the culture
medium, and the exposure started after a stabilization
period of 5 h. The exposure was launched (time point
t = 0) only if the temperature stability for the last
2 h was better than +0.1 °C. The maximal and mini-
mal measured temperature increments equal 6.1 and
4 °C, respectively.

These results have been compared to the tem-
perature data obtained for distilled water (Fig. 7).
Figures 6 and 7 show that the temperature dynamics
are roughly the same in both cases (the maximal
temperature difference is only +3%), suggesting that
the dielectric and thermodynamic properties of water
and culture medium are close.

A temperature-based SAR determination meth-
od was used for the cross comparison of numerical
and experimental results for distilled water. Experi-
mentally, the average near-surface SAR was deter-
mined using the data for the initial rate of
temperature rise in points 7, 8, and 9 (Fig. 3)
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Fig. 6. Temperature dynamics measured in nine locations within
the well containing the cells and culture medium. Numbers on the
right of the graphs correspond to the locations of the fiber optic
probe as shownin Figure 3.

according to the formula:

dr
SAR = C— 4
Cdt 4)

=0

The initial rise rate of the near-surface tempera-
ture was determined by fitting the experimental heat-
ing dynamics for the first 30 s of exposure to a
theoretical thermal model issued from the 1D heat
transfer equation [Walters et al., 2000]. The SAR
was calculated using the specific heat capacity
C = 4200 J/kg °C (Table 4). Numerical and experi-
mental results are in a good agreement (maximal
deviation of 5%).
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shownin Figure 3.

Figure 8a represents the temperature dynamics
measured within the well containing cells and culture
medium for several values of the radiated power.
The temperature is monitored at point 7 (Fig. 3). The
results shown in Figure 8b suggest a quasi-linear

TABLE 4. Cross Comparison of Computed and Experimen-
tally Determined Local SAR

Observation point

SAR (W/kg) 7 8 9
Computations 1693 1647 1583
Temperature measurements 1604 1571 1551
Relative deviation 5.3% 4.6% 2%

Bioelectromagnetics
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Fig. 8. a: Temperature dynamics for several values of the radiat-
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ofthe radiated power and IPD.

behavior of the steady-state temperature increments
as a function of the radiated power within the consid-
ered power range that can be expressed as:

AT(°C) = 8.1 x IPD(mW /cm?)

= 60.5 x Po(mW) 5)

The presented results take into account convec-
tion resulting in the cooling of the lower part of the
culture medium during the exposure, and heating of
the upper part.

It is worthwhile to recall that the experiments
have been carried out in a thermo-controlled incuba-
tor representative of the experimental conditions of
in vitro exposures. Practically, if the temperature
increments are known, the initial temperature of the
incubator could be decreased by the value of the
corresponding temperature increment in order to
avoid any heat shock in the cells.

CONCLUSION

A near-field configuration of a 60-GHz expo-
sure system for in vitro studies has been proposed,
and the positioning of the tissue culture plate relative
to the antenna was optimized to maximize the mean-



to-peak SAR ratio while achieving incident power
densities up to several tens of mW/cm?.

An in-depth numerical dosimetry analysis has
been performed for the selected configuration in or-
der to accurately characterize the power density and
SAR. It was shown that incident power densities up
to 57 mW/cm?” are achievable at 60 GHz for the radi-
ated power of 425 mW. The local SAR distributions
within the cell monolayer and average SAR as a
function of the power density have been computed.
The results demonstrate that 73% of cells are located
within the +3 dB region with respect to the average
SAR. The maximal and averaged SAR over the cell
monolayer is equal to 1.4 kW/kg and 673 W/kg, re-
spectively. Results obtained for eight discrete fre-
quencies within the 57-64 GHz range demonstrated
the maximal difference of the average SAR within
the cell monolayer is 31% for a 1 GHz frequency
shift; however, the maximal deviation is 17% for the
59-61 GHz range.

The temperature dynamics as a function of the
radiated power have been measured and analyzed at
nine points within the exposed well. It is shown that
under the considered exposure conditions, tempera-
ture elevations up to 2.3 and 6 °C can be reached for
20 and 50 mW/cm?, respectively. Local SAR, deter-
mined based on the initial rate of temperature
rise, was in good agreement with the computed SAR
(difference less than 5%), confirming the reliability
of numerical and experimental results.
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