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SHORT ABSTRACT

A personal distributed exposimeter (PDE) consisting of 3 radio frequency (RF) acquisition
nodes is constructed using textile antennas and wearable electronics. Numerical simulations
are used to design the PDE. Calibration measurements at 950 MHz, using a human subject,
are performed in an anechoic chamber. Compared to conventional exposimeters, which only
measure in 1 position on the body, an excellent 95% confidence interval of 7 dB on measured
power (densities) and isotropy of 0.5 dB are measured.

INTRODUCTION

Radio Frequency (RF) exposimeters or personal dosimeters are devices used to assess the
typical levels of exposure of a subject. They are currently used in several measurements of
RF exposure [1,2,3]. The purpose of these devices is to measure the electromagnetic fields
incident on the human body, which can be compared to international guidelines, such as
those issued by ICNIRP [4]. However, when measuring the fields, these devices are faced
with uncertainties due to absorption and reflection of the subject’s body [5,6]. It can easily be
understood that incident RF electromagnetic fields near the body will be heavily perturbed by
the presence of the body and thus also the fields measured by an exposimeter. Moreover, the
fields measured by current exposimeters appear to be dependent on the polarization of the
incident electromagnetic fields [5]. An on-body worn personal distributed exposimeter
(PDE), which consists of multiple RF sensor nodes worn on predefined, fixed positions on
the body, is proposed in order to reduce the uncertainty and polarization dependence. The
PDE uses lightweight wearable electronics and multiple textile antennas, which can both be
integrated in a subject’s clothes in order to maximize wearability. A first prototype of this
PDE is designed, constructed, and calibrated at 950 MHz, the global system for mobile
communication (GSM) downlink (DL) frequency.

MATERIALS AND METHODS

The PDE is based on finite-difference time-domain (FDTD) simulations using the Virtual
Family Male (VFM) [7]. This is a heterogeneous adult phantom based on magnetic resonance
imaging of a volunteer with a body mass index of 22.3 kg/m? The dielectric parameters
assigned to the phantom’s tissues come from the Gabriel database [8]. FDTD simulations are
used to determine the electric fields at 1cm from the phantom’s upper body under far-field
exposure in a realistic multi path environment. The incident electromagnetic waves are
generated using the method described in [6,9]. A linear regression model is developed to

determine the incident root-mean-squared electric field (EQ;;;), using the electric fields
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recorded by the PDE (E Z‘;‘% ;), with i the ith measurement point of a total of N sensors on the

body:
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With err the residual and b; (i = 0..N) the regression coefficients. Using a step-wise
algorithm, N locations on the body which cause the smallest average residual are selected as

locations to deploy sensors on the body. The algorithm is constructed in such a way that the

values of Ez‘;v;lg ; take into account the polarization of the antennas used to record the electric

fields. In this prototype, the number of sensors on the body N is chosen to be 3.

The RF sensors consist out of a textile antenna and an RF-exposure acquisition system. The
used textile antenna is a quarter wavelength planar inverted F antenna (PIFA) [10] which
covers the GSM 900 downlink band with a 60 MHz bandwidth. The RF-exposure acquisition
system contains a receiver tuned to 950 MHz and a microcontroller for data management.
The nodes communicate via IC2 with a central processing unit, which is connected to a
laptop using USB. All antennas, nodes, electronics, and interconnections are lightweight and
flexible in order to increase wearability [11].

A prototype of the PDE using 3 RF acquisition nodes placed on a human subject with a BMI
comparable to that of the VFM (£1 kg/m?) is calibrated in an anechoic chamber. The subject

is rotated over ¢ from 0° to 360° under exposure of a dipole tuned at 950 MHz placed in his

far-field. Each RF node (i) will record a certain power Pfgdy (¢). Using these powers an

average measured response Rye,s (dB) can be determined. The received powers are averaged

over ¢ and divided by the received power of the antennas in free-space P{:ree, averaged over
the subject’s rotation axis:
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P{ree(W) is directly related to the free-space power density s "®(W/m?), which is the
quantity one wants to measure with an exposimeter, through the antenna factor. The response
Rineas 18 determined for two orthogonal polarizations of the dipole (TX): parallel to the subject
rotation axis (vertical, RY .,s) and perpendicular to this axis (horizontal, RZ, ). The ratio
between these two responses (I =RY ,.s/RH .4s) is called the isotropy and is a measure for
the polarization dependence of the PDE.

RESULTS

Figure 1 shows the angular averaged measured response and its 95% confidence interval for
the calibrated prototype of the PDE using the combination of 1, 2, and 3 RF sensors with the
smallest 95% confidence interval. The average 95% confidence interval decreases as more
sensors are considered and the isotropy improves as well. In the case where Ry,eas is averaged
over all 3 sensors, the responses are -15.6 dB and -15.1 dB with a 95% confidence interval of
7 dB and 7.5 dB for the horizontal and vertical polarization of the dipole, respectively. This
means that for example the 97.5% percentile (po75) of RZ, ., is a factor 5 higher than the 2.5%



percentile (p2.s). The measured isotropy using 3 sensors is determined to be 0.5 dB, which is
excellent compared to a measured isotropy of 6.4 dB for commercial dosimeters at the same
frequency, reported by Bolte et al. [S] and an isotropy in free-space (not measured on a
human subject) of 2.1 dB reported in the manual of the EME SPY 140.
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Figure 1: Angular averaged measured response (Rye.s) and 95% confidence interval on this response for the
calibrated prototype of the PDE using the combination of 1, 2, and 3 RF sensors with the smallest 95%
confidence interval The error bars indicate the 95% confidence interval

Table 1 shows different estimations of the uncertainty on measurements using conventional
dosimeters by different research groups in comparison with the uncertainty on measurements
using this prototype of the PDE. Since not every study uses the same quantity to describe
confidence intervals or uncertainty, three quantities are considered: 50% confidence interval
(p75/p2s (dB)), 90% confidence interval (pos/ps (dB)), and 95% confidence interval (py7.5/p2.s
(dB)). The PDE performs excellent in terms of all 3 different quantities in comparison with
previous studies which estimate the uncertainty associated with measurements using a
conventional dosimeter. Measurements using the PDE are several factors more accurate than
those associated with conventional exposimeters, in particular the 95% confidence interval of
the PDE is 11 dB and 15 dB smaller than the 95% confidence intervals estimated using
numerical simulations and thus ideal circumstances with a static phantom and sensors that
can record the exact root-mean-squared electric field considered in [11] and [6], respectively.

50% confidence 90% confidence 95% confidence
interval (dB) interval (dB) interval (dB)
Bolte et al. 2011[5]
GSM900 DL V polarization 6.5
(measurement)
GSM900 DL H polarization 15.5




(measurement)

Neubauer et al. 2010[12]

Multi path exposure at 946 MHz 8.0 18
(simulation)

Iskra et al. 2011[6]

Multi path exposure at 900 MHz 18.5
(simulation)

Thielens et al. 2013[11]

Multi path exposure at 950 MHz 22.5
(simulation)

Prototype PDE

950 MHz H polarization 4.5 7.0 7.0
(measurement)

950 MHz V polarization 4.5 7.1 7.5
(measurement)

Table 2: Uncertainties on measurements and numerical simulations using an exposimeter reported in different
studies.

CONCLUSIONS

A prototype of a personal distributed exposimeter (PDE) using 3 radio frequency
measurement nodes is calibrated in an anechoic chamber on a real human subject with a BMI
of 22+1 kg/m?. The PDE shows an excellent average 95% confidence interval of 7 dB and an
axial isotropy of 0.5 dB.
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