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Abstract—TIn this study, we provide a novel approach for expo-
sure assessment in terms of whole-body average specific absorption
rate (WBSAR) due to the electromagnetic fields inside reverberant
environments. The approach utilizes power balance theory and the
lossy object’s absorption cross section (ACS). We use this to present
a noninvasive technique for determining the WBSAR in reflective
environments. Measurements were performed inside a reverber-
ation chamber on spherically-shaped phantoms filled with lossy
liquids. The approach was verified by performing invasive tem-
perature measurements and showed excellent agreement (within
5%). This approach can be used for human exposure assessment
inside reverberant environments since human body ACS has been
well studied in the literature. The main advantage of the proposed
approach is that it overcomes the need for complex invasive mea-
surements in order to determine WBSAR.

Index Terms—Absorption cross section (ACS), dosimetry,
exposure assessment, microwave measurement, reverberation
chamber, specific absorption rate (SAR).

1. INTRODUCTION

N THIS study, we present a novel approach for exposure
I assessment of lossy objects (potentially including humans)
exposed to radio frequency (RF) electromagnetic fields in rever-
berating indoor environments. The approach is based on power
balance theory [1] and requires knowledge of the environment’s
quality (Q) factor and the exposed object’s absorption cross sec-
tion (ACS).

The study was motivated by the lack of methods in rele-
vant standards for human exposure assessment due to the RF
electromagnetic fields inside reverberant environments. Expo-
sure assessment guidelines [2], [3] generally assume uniform,
plane-wave exposure in free-space, which cannot be applied to
all real exposure situations. Humans are often exposed inside
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indoor environments to RF fields coming from all directions.
Hence, indoor environments can be considered reverberant with
different Q factor values. Therefore, we present an approach
which takes into consideration environment characteristics de-
fined in terms of Q factor for the proper exposure assessment.

Previous work involving reverberation chambers for human
exposure assessment can be found in [4]-[6]. The approach
given in [4]-[6] was based on the chamber decay time and room
acoustics theory [T] adapted for electromagnetic studies (room
electromagnetics).

This paper is organized as follows. Bio effects due to RF elec-
tromagnetic exposure along with exposure assessment studies
are presented in Section II. Section III follows with the mea-
surement setup and techniques used to assess the exposure in
terms of whole-body average specific absorption rate (WBSAR).
In Section IV, we evaluated the reverberation chamber in terms
of parameters that impact the uncertainty: number of uncorre-
lated mode-stirring samples, spatial uniformity, and Rician K
factor. Exposure assessment results gathered from two different
approaches are presented in Section V. A measurement uncer-
tainty budget is given in Section VI. Final conclusions are found
in Section VII.

II. B10 EFFECTS OF RF EM FIELDS

Generally, we can state that biological effects occur when
any physiological change can be observed in biological tissue
exposed to electromagnetic fields [8]. Potential adverse effects
could arise from situations where physiological change exceeds
upper limits that tissues are able to compensate for.

It is commonly known that in the RF range biological tissues
act as electrolyte solution containing polar molecules. RF fields
interact with a biological tissue through ionic conduction and
forced rotation of polar water molecules. In this way, absorbed
RF energy is transformed into molecular kinetic energy causing
a heating effect of the irradiated tissue. Hence, tissue heating is
considered a primary bioeffect at RF frequencies, where tissue
temperature rises despite its thermoregulatory process. If the
tissue experiences heat, caused by an external source, at a rate
much higher than the system’s ability to compensate, thermal
damage may occur.

Biological systems tend to change their functions accord-
ing to temperature change. Heating processes due to RF ex-
posure can result in adverse health effects such as cataracts,
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increased blood pressure, dizziness, weakness, disorientation,
and nausea [8].

Specific absorption rate (SAR) is a measure of the rate at
which energy is absorbed by a biological system when exposed
to RF electromagnetic fields [8].

International Commission on Nonlonizing Radiation Protec-
tion (ICNIRP) guidelines [2] propose electric field, magnetic
field, current density, and power density exposure limits. These
limits are based on the established short-term adverse effects
of electromagnetic radiation, which are essentially given as the
stimulation of muscle and nervous tissue cells and tissue heating
effects. These effects can be quantitatively presented by the in-
duced current density (J) and the SAR. Limiting values of J and
SAR are given in ICNIRP guidelines as the basic restrictions,
which implies that these values are directly associated with an
adverse effects that arise from the electromagnetic radiation
interaction with a human body.

A. Exposure Assessment Based on Bioheat Equation

SAR is a quantity that cannot be easily measured in practice,
but can be determined theoretically or empirically through mod-
els. It can also be expressed in terms of specific absorption (SA)
as the time derivative of incremental energy dW absorbed by
incremental mass dm in infinitesimal volume element dV of a
given density p [8]:

dSA d dwW d dW
SAR=—=——=———. 1
dt dt dm  dt pdV M

Electromagnetic energy deposition in lossy objects causes a
temperature rise; therefore, SAR presents the measure of this
heating effect and can be expressed by

dT AT
SAR=c— =c——
dt At At—0
where c is the specific heat capacity, T is the temperature, and
t is the time period. Temperature rise in lossy dielectrics is de-
termined by power P dissipated into heat. This power averaged
over volume V equals

P
V:E.J*:UE.E*:UUJ\Z (3)

where J is the current density, E is the electric field induced in
a lossy dielectric, and o is its conductivity. By substituting (3)
into (1), the SAR is given by
sap—dC _ 4P o po
dm pdV  p

where we used the fact that dW/df = P.

Expression (2) is valid only at the very beginning of expo-
sure, or when thermal conduction, convection, and radiation
(heat transfer mechanisms) are negligible. Our experimental
setup is based on the use of nonbiological homogeneous objects
suspended in (and surrounded by) air, causing the loss of heat
through convection. Other heat transfer mechanisms can be ne-
glected in this case. Therefore, the temperature change can be
described by the bioheat transfer equation [3], [9] reduced to

ar
P ot

2

“

HEM - Hconv = (5)

where Hg) is the RF radiation heat source term given by
Hgy = p- WBSAR = o|EJ? (6)

and H,,y is the convection heat rate per unit volume, given by
[10]

Hconv =hA (TQ - Tl) /V (7)

where & is the convection heat transfer coefficient, A is the
surface area between two media at different temperatures, V is
the object’s volume, and 7 and 75 are the surrounding medium
and observed object temperature, respectively. Substituting (6)
and (7) into (5), we obtain the expression for SAR measured
by mean temperature rise of a lossy dielectric over an observed
time period
oT

hA

B. Exposure Assessment Based on Power Balance Theory

Lossy objects exposed to RF radiation absorb electromag-
netic energy that causes the heating effect which could lead to
the harmful biological effect. Lossy object exposure can occur in
very different situations, including reverberant, indoor environ-
ments. Such environments exhibit an internal modal structure
similar to that found in reverberation chambers [1].

Reverberation chambers commonly deploy relative measure-
ments of scattering (S) parameters for the empty and loaded
chamber, where transmitting and receiving antennas should be
placed inside the chamber at least a half-wavelength apart from
any obstacle. Antennas should be aimed away from each other
in order to lower the direct energy coupling (K factor) between
them. It is necessary to have a low K factor due to the fact
that a high K factor results in lack of spatial uniformity (SU)
and high measurement uncertainty [11]-[13]. Power measured
by the receiving antenna in an empty chamber differs from the
power measured by the same antenna in a chamber loaded by
lossy objects. That power difference equals exactly the power
that was absorbed by the lossy objects. Taking this analysis a
step further, we can derive the expression for the exposure as-
sessment inside reverberant environments given in terms of the
WBSAR [14], [15] as

Pabs> <R’,empty> - <Pr, 10aded>

WBSAR = < = C))
m m

where brackets denote an ensemble average over all stirrer orien-
tations, P, is the power absorbed by the lossy object, P, ¢upty
is the power received by the receiving antenna for the empty
chamber, P, 15,404 1S the power received by the receiving an-
tenna for the loaded chamber, and m is the objects’ mass.

The presence of lossy objects generally impacts the envi-
ronment Q factor [1]. The above defined two powers can be
calculated from associated Q factors for the empty and loaded
chamber, respectively

)\‘3

<Pr,cmpty> = WPthmpty (10)
)\.3

<P1y10aded> = ma@loaded (11)
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where P, is the transmitted power, X is the wavelength, and V
is the chamber’s volume. Empty chamber Qe piy can be either
estimated by knowing the room characteristics or can be directly
measured. The loaded chamber 1,.q4.4 can be determined from
the empty chamber Qi pty and the Q factor associated with the
lossy objects (Qaps) as

Ql?)lidcd - Q(Tnllpty + Q;blq (12)
where (), can be calculated from the objects” ACS as
27V
abs — T 0N 1 - 13
@ubs = Tie9ya (13)

Thus, the following method for estimating WBSAR is based
on the knowledge of the exposed lossy objects’ ACS

WBSAR = R)\S gmpty (14)
1672mV Qempty""%

Prior work on the ACS of different lossy objects, including
human bodies in different postures, can be found in [15]-[21].

III. MEASUREMENT SETUP

A reverberation chamber was used to determine a lossy ob-
ject’s WBSAR based on power balance theory and ACS. Vali-
dation measurements, based on the bioheat equation, were also
performed inside the reverberation chamber. Therefore, we pre-
pared two different measurement setups. The first one, for power
balance theory based WBSAR assessment, used S parameter
measurements gathered by a Vector Network Analyzer (VNA).
From the S parameters, we calculated the object under test’s
(OUT) ACS which was used to obtain WBSAR (14). A detailed
description of this measurement setup with ACS results can
be found in [16]. The second setup (validation) was prepared to
access WBSAR from the bio-heat (8) and deployed a signal gen-
erator with a power amplifier to generate high-field levels and
a thermometer to measure the temperature rise in the exposed
OUTs. The schematic layout of the validation measurement
setup is shown in Fig. 1.

The chamber was made of aluminum having dimensions:
(L) 149 m x (W) 1.16 m x (H) 1.45 m. According to [22]
and [23], this size chamber enables measurements starting at
approximately 1 GHz. The chamber was equipped with a sin-
gle aluminum mechanical stirrer mounted between the ceiling
and the floor. The stirrer rotated about a vertical axis within
a cylindrical volume 1.1 m in height and 0.6 m in diameter.
Broadband (1-18 GHz) double-ridged horn antennas were used
as transmitting and receiving antennas. Antennas were aimed
away from each other to reduce the direct (unstirred) energy
coupling between them.

We used three different OUTs for the reference measure-
ments. The first one was a water-filled sphere in a PVC shell
with 15 cm diameter (large shell), the second one was the same
15 cm sphere filled with a broadband head simulating liquid
(HSL) [24], and the third was a water-filled sphere in a glass
shell with 10 cm diameter (small shell). All OUTs were placed
within the chamber’s working volume (more than A/2 away
from any obstacle) where the average field is expected to have
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Fig. 1. Schematic layout of the validation measurement setup.

Fig.2. Reverberation chamber interior for both power balance theory and bio-
heat based measurements. (a) water- and HSL-filled large shell. (b) Water-filled
small shell.

a statistically-uniform distribution. The environment inside the
reverberation chamber is shown in Fig. 2.

Exposure assessment based on power balance theory relies
on the known OUT’s ACS, which can be found in [16]. In this
paper, we will not focus on the OUTs ACS measurement, but
will use the final results from [16].

To assess the exposure using the bioheat equation, we needed
to measure the temperature rise inside the OUTs during the
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Fig. 3. Temperature measurements. (a) Fluoroptic probes. (b) Probe arrange-
ment that enables temperature spatial measurements. (c) Four-channel fluoroptic
thermometer [25]. (d) Reference thermometer [26].

exposure time. The temperature rise inside the lossy object ex-
posed to the high-field levels was measured for each single OUT
placed inside the chamber.

A CW signal was generated by a signal generator and am-
plified by a nominal 50-W amplifier in order to achieve a high-
strength field capable of causing a noticeable temperature rise in
the observed lossy object. The temperature rise was monitored
over a 2-h period at 60 different paddle positions (2 minutes per
paddle position) and at four discrete frequencies: 1, 1.8, 2.45,
and 3 GHz. Input and reflected powers into the chamber were
monitored, through a directional coupler, with power sensors
connected to a power meter. Temperature rise was measured by
a four-channel fluoroptic thermometer with four optical probes
shown in Fig. 3(a)—(c) [25]. Three probes were immersed inside
the OUT, enabling spatial averaging of measured temperature
[see Figs. 2(b) and 3(b)]. One probe was left outside the OUT
to monitor the chamber’s ambient temperature, which was re-
quired for determining the convection heat transfer coefficient.
The temperature was measured every 5 s, yielding 1440 tem-
perature measurement points in a 2-h period. Prior to each mea-
surement, all four probes were calibrated in a water bath whose
temperature was measured with a highly accurate reference ther-
mometer, as shown in Fig. 3(d) [26].

IV. CONFIGURING THE REVERBERATION CHAMBER

The chamber configuration generally has a significant effect
on the measurement uncertainty of the metrics that we are trying
to estimate. For tests involving reverberation chambers, we want
to configure the chamber in such a way that the errors in observed
quantities are as low as possible. Parameters that we are studying
here and that impact overall uncertainty includes mode-stirring
sequence, spatial uniformity, and type, location, and orientation
of the antennas used inside the chamber.

1 GHz
1.8 GHz
2.45 GHz
3GHz
1/e limit

¢ 1°

Fig. 4. Correlation between different paddle orientations calculated at three
different frequencies and compared to the 1/e limit.

A. Number of Uncorrelated Mode-Stirring Samples

In order to evaluate a reverberation chamber’s performance,
the number of independent samples that a stirrer can provide
needs to be determined. At each observed frequency, the stirrer
must efficiently change the boundary conditions to produce a
statistically significant variation of the field distribution inside
the chamber. Samples taken in statistically significant differ-
ent conditions are considered as statistically independent. Ex-
istence of correlation among the measurements performed in a
reverberation chamber severely influences the efficiency of the
measurement procedure.

To calculate the number of uncorrelated paddle orientations,
we performed measurements at 720 stirrer orientations (0.5°
paddle step). The circular autocorrelation was computed [27] at
four different frequencies of interest as follows:

o $821n (fm) S51uan (i), = KSo1n (fm)>n|27 s

(1921 (Fa)l*) = (Stn (fu)

where we use the complex So; parameter at the m-th frequency
point f,, and nth stirrer orientation. The obtained coherence
angle (¢) equals ~9° at 1 GHz, ~5.6° at 1.8 GHz, ~4.5° at
2.45 GHz, and ~3.6° at 3 GHz, with a 1/e threshold [22] (see
Fig. 4). We use the coherence angle to estimate the total num-
ber of uncorrelated measurements (/N4 ) that may be achieved
[28]-[30] as Nest = 360°/¢. In our case, the calculated coher-
ence angle would result in 40 uncorrelated measurements at 1
GHz, 64 at 1.8 GHz, 80 at 2.45 GHz, and 100 at 3 GHz.

n

B. Spatial Uniformity

SU is an important metric in reverberation chamber mea-
surements. It provides information about the field homogeneity
inside the chamber, which is required for electromagnetic com-
patibility (EMC) testing. The SU was determined according to
[22]. The data were collected with the receiving antenna at eight
(z =1, 2, ..., 8) different locations that form the corners of
the working volume, while the transmitting antenna was kept at
a fixed location.

SU was expressed in terms of the standard deviation of the
normalized transmission factor for three different polarizations
(7 = 1, 2, 3) and the total data set. The total data set was
represented by 24 measurements gathered by combining the
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three individual polarization components at the eight measure-
ment locations. The standard deviation for our chamber loaded
by different OUTs was ~1.4 dB at all four frequencies of
interest.

C. Rician K factor

In the ideal reverberation chamber, all energy that comes to
the receiving antenna is well stirred (diffuse energy) and there is
no direct coupling between transmitting and receiving antennas.
Real situations are a bit different and direct coupling between
the antennas exists. A metric which is used to quantify the direct
energy coupling is the Rician K factor. The K factor is generally
defined as the ratio of unstirred (P, ) and stirred power (FPs) and
can be estimated from the S-parameters [31]:

[(San)n
<\521 - <521>|2>N

Since direct energy coupling between antennas is generally
undesirable in reverberation chamber measurements, the K fac-
tor should be as low as possible for EMC tests. Prior work on the
K factor in reverberation chamber measurements can be found
in [11], [31]-[35].

The K factor depends on several different factors including
antenna type, location, and orientation, and the chamber’s load-
ing. Here, we considered a chamber loaded with different OUTs
and fixed antenna orientations, i.e., aimed away from each other
and cross polarized, which yields the lowest K factor. Another
common method for reducing the coupling includes placing a
shield between the antennas. The measured K factor at all four
frequencies of interest was, on average, lower than —15 dB, in-
dicating that the unstirred component was 30 times lower than
the stirred one.

K = (16)

V. ASSESSMENT OF RESULTS

WBSAR may be computed from a measured temperature rise
due to a high-field exposure from (8). Even though power lev-
els were much higher (~50 W), all exposure measurements
were normalized to 1 W of transmitted power. The measurement
setup produced a temperature rise of several degrees. However,
the results are presented as normalized due to the fact that the
transmitted power varied with frequency.

The water temperature was measured with three probes, and
their average chosen as the measurement result. The tempo-
ral temperature rises inside each single OUT placed in the re-
verberation chamber at 1, 1.8, 2.45, and 3 GHz are shown in
Fig. 5 through Fig. 7. The measured temperature rise appeared
to be higher at lower frequencies. This is due to the fact that
the OUT’s ACS decreases with frequency [16]. However, we
observe that the temperature rise at 2.45 GHz is comparable to
that at 1 GHz, which can be explained by the water molecules
resonant behavior at this frequency. According to [24], the main
ingredient of HSL is water, so this conclusion refers to the HSL-
filled shell as well.

The ripple effects at 1 GHz are mainly due to the fact that
the power coupled to the sphere changes as a function of paddle

AT |K] per 1 W
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2000 3000 4000

ts]

5000 6000 7000 8000

Fig. 5. Temperature rise measured inside water-filled small shell at four fre-
quencies of interest, normalized to 1 W.
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Fig. 6. Temperature rise measured inside water-filled large shell at
four frequencies of interest, normalized to 1 W.
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0.08 | _@- 2.45GHz
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Fig. 7. Temperature rise measured inside HSL-filled large shell at four
frequencies of interest, normalized to 1 W.

position, which is more prominent in the lower frequency range.
This is directly related to the absorbed power distribution which
is a function of the applied frequency, which will be shown at
the end of this section.

According to (8) for temperature-based WBSAR measure-
ments (i.e., calculated from the bio-heat equation), besides tem-
perature rise, it is necessary to determine the convection heat
transfer coefficient /& of the OUT surrounded by air. This pa-
rameter was determined by measuring the temperature decrease
due to the convective cooling of the heated liquid surrounded
by air at room temperature. This measurement was performed
inside the chamber with the RF power turned OFF. The measured
temperature decrease, due to convection inside the reverberation
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t sl
Fig. 8. Temperature decrease measurements due to convection.
TABLE I
MEASURED CONVECTION HEAT TRANSFER COEFFICIENTS
ouT Water-Filled Small ~ Water-Filled Large HSL-Filled Large
Sphere Shell Shell
h [Wm2K] 8.4 8.3 9.1

chamber for three different OUTs, is shown in Fig. 8. Due to
the fact that the cooling process is reversible, compared to the
RF heating, measured temperatures are given as negative val-
ues. Clearly, the OUT’s cooling properties depend on its size.
Thus, the smaller object cools faster because it has a smaller heat
capacity. The convection heat transfer coefficient [36 (p. 274)]
was determined from measured liquid temperature decrease and
ambient air temperature as:

h_pCV nT1—T0
TtA T, =Ty

where A is the surface area between two media at different
temperatures, V is the OUT’s volume, 77 is the OUT’s initial
temperature, 75 is the cooled OUT’s temperature, 7} is the
surrounding air temperature, and ¢ is the observed period of
cooling.

The OUT’s temperature was measured with three probes and
the air temperature with one probe. Measurements were per-
formed for a 2-h period, same as for the heating measure-
ments. Convection heat transfer coefficients for the three dif-
ferent OUTs calculated with (17) are given in Table I.

WBSAR values were calculated from measured temperature
results with (8). Results for each single object exposed to high
field levels at 1, 1.8,2.45, and 3 GHz are shown in Fig. 9. We ob-
serve the highest WBSAR for the water-filled small shell, which
was expected since the same OUT had the largest temperature
rise in the 2-h exposure period. Similar to temperature results,
WBSAR was the highest at 1 and 2.45 GHz.

Above, we calculated WBSAR in three different OUTSs based
on temperature measurements and bio-heat (8). The main goal
of this study is to compare measured WBSAR results with
theoretical ones derived from the power balance theory (14).
From (14) we see that, besides the power transmitted inside the
chamber, the exposure assessment in terms of WBSAR will be
influenced by the chamber Q. Therefore, the exposure assess-
ment in reflective environments should be based on a thorough

a7

0.16
[ water-filled small shell
Water-filled large shell
0.14 [0 msL-filled large shell
0.12 |

WBSAR [W/kg] per 1 W
£
-]

18 945
TGu z]

Fig.9. Average WBSAR comparison of three different OUTs at four frequen-
cies of interest, normalized to 1 W.

0.25

B Bio-heat equation
. Power balance theory

=3
ot - ot
- un i

WBSAR [W/kg] per 1 W

£
b1

18 245
MGHy)

Fig. 10. Comparison of WBSAR measurements and theoretical assessment
with error bars presenting combined uncertainty, normalized to 1 W for water-
filled small shell.

environment characterization in terms of its Q factor. The WB-
SAR results based on the power balance theory (14), where the
ACSresults of the OUTs can be found in [16], along with WBSAR
results from the bio-heat equation are given in Fig. 10 through
Fig. 12. Excellent agreement between the two approaches can
be seen within 5% ~0.2 dB difference and especially within
uncertainty given in Section VI for all tested OUTs and at each
observed frequency. This clearly demonstrates that the power
balance theory can be used for exposure assessment inside high-
Q environments.
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Fig. 11. Comparison of WBSAR measurements and theoretical assessment

with error bars presenting combined uncertainty, normalized to 1 W for
water-filled large shell.
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Fig. 12. Comparison of WBSAR measurements and theoretical assessment
with error bars presenting combined uncertainty, normalized to 1 W for
HSL-filled large shell.

We showed that the approach works for spherical shells filled
with different lossy liquids, but it can also be applied for hu-
man exposure assessment. The main advantage of this approach
is that it does not require any kind of invasive measurements.
According to (14), it requires the knowledge of: 1) the environ-
ment’s Q, which can be either measured or estimated, 2) the
environment’s volume, 3) the exposed object’s ACS, which is
well studied for humans, 4) the exposed object’s mass, 5) the
applied frequency, and 6) the transmitted power. Q and ACS

TABLE II
Q AND ACS VALUES FROM [16]

f[GHz] ‘Water-Filled Water-Filled HSL-Filled
Small Sphere Large Shell Large Shell
Qempty 1 1900
1.8 2900
2.45 3230
3 3420
Qloaded 1 1350 980 890
1.8 2400 2000 1900
2.45 2650 2260 2210
3 3000 2660 2500
ACS [m?] 1 0.011 0.026 0.031
1.8 0.007 0.015 0.017
2.45 0.009 0.017 0.018
3 0.006 0.013 0.017

0.8

£
=
=
-

= 0.4

0.2

0

0 0.5 1 L5 2 25 3 35 4 4.5 5
Pabs,norm
Fig. 13.  CDF of the normalized power absorbed by the OUT.

values measured in [16] at four frequencies of interest are given
in Table II.

In Fig. 5 through Fig. 7, we notice that temperature rise at
1.8, 2.45, and 3 GHz is almost linear, while the line represent-
ing 1 GHz shows some fluctuations. This can be explained by
calculating the cumulative distribution function (CDF) at each
frequency and comparing them with expected theoretical values.

Note that, ideally, each component of the electric field coupled
to an electrically-small receiving antenna has a chi distribution
(x) with 2 degrees of freedom (DOF) (2), while the total elec-
tric field has x distribution with 6 DOF (). Since power is
proportional to the square value of the electric field, each power
component coupled to the electrically-small receiving antenna is
chi-squared distributed with 2 DOF (). Similarly, total power
coupled to the antenna is chi-squared distributed with 6 DOF
(X3)-

Next, we calculate the CDF of the power absorbed by the
OUTs at each frequency and compare it to the theoretical val-
ues. The CDF is the probability that the variable X takes a value
less than orequal to x, i.e., F'(x) = Pr(X < z).Theresultsare
shown in Fig. 13. We notice that the CDF at 1 GHz calculated
from measured absorbed power agrees well with theoretical
X2 CDF, which was expected since objects appear electrically
smaller at lower frequencies. Three other frequencies have sim-
ilar CDFs calculated form measured absorbed power and agree
with theoretical 3. CDF with N DOF. Note that x% approaches
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to the uniform distribution as N gets large [37]. Hence, we can
conclude that at 1 GHz, the absorbed power distribution is sim-
ilar to xZ, while at the other three frequencies the absorbed
power distribution is similar to x4 with large numbers of DOF
approaching uniform distribution. This conclusion is in a good
agreement with observed characteristics of the OUTs tempera-
ture rise, where larger fluctuations were observed at 1 GHz while
other frequencies exhibited almost uniform power distribution
and temperature rise.

VI. MEASUREMENT UNCERTAINTY

Since two different setups were used to determine WBSAR,
it is useful to give the uncertainty budget for both setups. The
setup used for the exposure assessment, based on power balance
theory, was the same one used in [16] to calculate the ACS. The
obtained expanded uncertainty was +2.84 dB.

Before calculating the uncertainty for the bio-heat-equation-
based exposure assessment, the contribution factors need to
be identified. There are five dominant factors influencing the
measured quantity. The spatial field distribution inside the re-
verberation chamber is assumed to be uniform if the standard
deviation is lower than 3 dB. However, even if the standard
deviation is below that limit, we cannot assume a completely
uniform field distribution, meaning that some parts of the OUTs
can be exposed to the higher field levels than the others. For
this reason we need to perform a chamber calibration in order
to determine the influence of spatial field uniformity (SU) on
the measured quantity. SU presents an uncertainty contribution
factor for both, the bio-heat equation based and power balance
theory based WBSAR assessment.

In [16] and Section IV-B, we measured the SU below 1.4 dB.
In the bio-heat-equation-based exposure assessment the WBSAR
was determined by measuring the lossy material temperature rise
due to the high-field exposure. The fluoroptic thermometer has
an accuracy (TA) of £0.5 K in the observed temperature range
[25]. A temperature change inside the lossy object of £0.5 K
causes a WBSAR change of £0.97 dB (TA-SAR). Additionally,
the same thermometer was used for calculating the convective
heat transfer coefficient A, and +0.5 K change of temperature
measurements causes a change of the convective heat transfer
coefficient which results in a change of assessed WBSAR of
+0.22 dB (TA-h). To determine the WBSAR, we measured the
power coupled to the chamber. In the proposed measurements,
power was measured by a power sensor connected to the power
meter. An uncertainty estimated from manufacturer specifica-
tions for the used power monitoring devices was +0.1 dB (PM).
Losses inside the cables used for this setup were measured with
the VNA whose accuracy was 0.2 dB. The VNA was calibrated
with an electronic calibration module (E-cal) which has its own
uncertainty of +0.1 dB. The uncertainty budget for the bio-
heat-equation-based exposure assessment is given in Table III.
The obtained expanded uncertainty equals +£3.47 dB. The
achieved uncertainties of both methods are comparable to the
expected uncertainty of field measuring instruments, which are
commonly used to assess the human exposure to EM fields,
according to [38 (p. 46)]. Note that the given uncertainty

TABLE III
MEASUREMENTS UNCERTAINTY BUDGET

Uncertainty Source SU TA-SAR TA-h PM  VNA  E-Cal
Uncertainty [dB] 1.4 0.97 0.22 0.1 0.2 0.1

Combined Uncertainty 1.73dB
Expanded (k = 2) Uncertainty 3.47dB

estimation is conservative. The SU was determined in the Carte-
sian field, even though the WBSAR actually depends on the
total field, which generally has smaller variations. Therefore,
true measurement uncertainty is likely lower than that given in
Table III.

VII. CONCLUSION

In this paper, we presented an approach for exposure assess-
ment due to the RF electromagnetic fields inside indoor rever-
berant environments without the need for electromagnetic field
(EMF) measurements. The approach based on the power bal-
ance theory was consistent with experimental results obtained
from measured temperature increases inside lossy objects ex-
posed to the EMF inside the reverberation chamber. Excellent
agreement, within measurement uncertainty, between the pro-
posed novel approach based on the power balance theory and
one based on the bio-heat equation confirmed its validity.

The method presented for exposure assessment can be applied
to humans without the need to perform invasive measurements.
Exposure assessment was given in terms of the WBSAR as a
basic restriction quantity given in relevant exposure limiting
standards. The exposure assessment was based on the environ-
ment’s Q factor, an important parameter that characterizes any
reverberant environment, and ACS as a key parameter describing
the lossy object’s absorption characteristics.
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