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ABSTRACT
For the first time, a personal exposimeter (PE) for 60 GHz
radiation measurements is presented. The PE is designed
based on numerical simulations, on-phantom and on-body
calibration measurements under specular and diffuse expo-
sure to determine the antenna aperture and measurement
uncertainty of the PE. A 95% prediction interval of 6.6 dB
is obtained for the PE’s response using a combination of
three nodes with different polarizations. The response of
the PE is in the range of 0.7 to 1.2 for specular and diffuse
fields.

CCS Concepts
•Computer systems organization→ Sensor networks;
•Hardware → Sensor applications and deployments; Wire-
less devices;
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1. INTRODUCTION
Recent developments in 60-GHz communication systems

have heightened the need for assessing potential health ef-
fects of mm-waves [1]. Research on biological effects of
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mm-waves is necessary to ensure safety of mm-wave sys-
tems and to update the related safety standards. Before be-
ing commercialized, any wireless device should comply with
international guidelines, such as those issued by the Inter-
national Commission on Non-Ionizing Radiation Protection
(ICNIRP) [2]. The incident power density (IPD) is used as
a dosimetric quantity at 60-GHz [2].

Previous dosimetric studies in the 60 GHz band are not yet
widely established on a real human subject [1,3]. Therefore,
assessment of human exposure to mm-wave systems in real
life scenarios is necessary.

A large number of studies, for example [4–6], have inves-
tigated everyday life IPD measurements using personal ex-
posimeters (PEMs) for frequencies lower than 6 GHz. PEMs
measure the total electric fields near the body instead of the
actual incident fields, and are consequently faced with large
measurement uncertainties [7].

People spend most of their time indoor and are exposed to
EM radiation continuously. According to the room electro-
magnetics’ theory [8], the total power in an indoor environ-
ment is composed of specular and diffuse multipath compo-
nents (DMC), which result from coherent and non-coherent
reflections (multiple sets of diffracted waves), respectively.

In this paper, for the first time, a prototype of wearable
60-GHz on-body personal exposimeter (PE) is presented for
specular and diffuse fields exposure. The PE consists of
three receiving nodes (antennas) to measure the IPD in re-
alistic indoor environments, and is calibrated in anechoic
conditions using a real human subject and in a mm-wave
reverberation chamber (RC) on a skin-equivalent phantom.
The measurement uncertainty of the proposed prototype of
PE is assessed in terms of numerical simulations and cali-
bration measurements.

2. MATERIALS AND METHODS
First, the design of the PE which is based on numerical

simulations at 60 GHz, is described in Section 2.1. Next,
the on-body calibrations on a real human subject (in ane-
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choic conditions) and on two skin-equivalent phantoms (in
anechoic conditions and in an RC) are described in Sec-
tion 2.2. The processing of the measurements is described
in Section 2.2.3.

2.1 numerical modeling
Figure 1 illustrates the proposed numerical model of a PE.

The finite-difference time-domain (FDTD) simulation plat-
form, Sim4Life [9], is used to determine the distribution of
the on-body received power on the antenna. A homogeneous
skin model (200×200×10 mm3) is used during simulations
to emulate the human body. The dielectric properties of this
model are taken from dry skin at 60 GHz [10]. The antenna
used for modeling (see Figure 1) is a microstrip-fed antenna
array, operating in the 60-GHz band [11].

Figure 1: The proposed model for numerical simu-
lations. Schematic representation of a single node
(antenna) at 5.6 mm from the skin used for simula-
tions and measurements [11].

Simulations are performed for the antenna in free space
and near the skin model (5.6 mm due to the geometry of
connector) to determine the response of the antenna. The
response (R) of the antenna is studied as the ratio of the me-
dian received power on-body (P body

r ) to the median received
power in free space (P free

r ):

R =
P body
r

P free
r

(1)

The received power on an antenna can be determined from
its aperture [12]:

Pr(φ, θ) = AA(φ, θ)× Sinc (2)

where AA and Sinc are the on-body antenna aperture and
incident power density, respectively. In order to calculate
the on-body aperture of the antenna AA(φ, θ), the directive
gain of the antenna D(φ, θ) is extracted for azimuth angle
(φ) and polar angle (θ) from numerical simulations as:

AA(φ, θ) = ηrad(1− |S11|2)D(φ, θ)
λ2

4π
(3)

where ηrad is the radiation efficiency, |S11|2 is the an-
tenna’s power reflection coefficient, and λ is the wavelength.
AA(φ, θ) can be determined for two orthogonal polariza-
tions on the incident electric fields: θ and φ, which are the
polarizations parallel to the unity vectors 1θ and 1ϕ.
For the specular fields, a realistic far-field exposure sce-

nario in the 60-GHz band for an indoor environment (IEEE
802.11 standard [13]) is considered to determine the response
of the simulated on-body antenna. A Gaussian distribution

with a cross polarization ratio of 20 dB is assumed for the
indoor exposure scenario [13]. The phase (α) of plane waves
is assumed to have a uniform distribution in the range of
0<ψ<2π. For θ and φ, samples are drawn from their distri-
butions [13].

For diffuse fields α,φ, θ and ψ are all assumed to have a
uniform distribution [8].

2.2 calibration measurement setup
The calibration measurements are performed in anechoic

conditions for specular fields (Section 2.2.1) and in a rever-
beration chamber for diffuse fields (Section 2.2.2).

2.2.1 on-body calibration: specular fields
Figure 2 demonstrates the measurement setup (at 60 GHz)

for on-body calibration in specular fields. A standard gain
horn antenna (19 dBi) is used as transmitter (TX) and is
mounted on a rotation stage (see right hand side of Figure 2).
The receiver (RX)-the same antenna used in simulations-is
placed in the far field of the TX. An Agilent PNA-X N5247A
network analyzer delivers a constant power (6 dBm) to the
TX and measures the received on-body power on the RX.
Two orthogonal polarizations of TX (to account for any re-
alistic polarization) and RX (due to the asymmetric shape
of RX) are studied.

First, the free-space incident power density Sfree
inc is calcu-

lated using the Friis formula [12] and then is averaged over
20 cm2 of the studied area [2].

Second, the RX is placed horizontally on a skin-equivalent
phantom (30% gelatin, 70% water) following the instructions
of [14]. The received power on the RX is calculated from the
measured power gain (|S21|2) for five azimuth angles (φ): -
20◦to 23◦.

Third, the above step is repeated for two polarizations of
TX and RX by placing the RX on the forearm of a male
subject.

In the fourth step, three locations are selected for the RX
on the subject’s forearm and the received power is measured
on each RX. Next, the best combination of three antennas
on the forearm is determined based on the 50% prediction
interval (PI50) of the measurements (see Figure 3).

Figure 2: Measurement setup in anechoic conditions
at 60 GHz.

2.2.2 on-body calibration: diffuse fields
Figure 4 shows the measurement setup in the reverbera-

tion chamber at 60 GHz. An RC with 0.58×0.592×0.595 m3

dimensions is used. A Wiltron 360 VNA is used to feed a
rectangular WR-15 waveguide as the source (TX) and to



Figure 3: The optimized orientation of the antennas
on the subject’s forearm determined from the on-
body calibration measurements (not to scale).

Figure 4: Measurement setup in RC at 60 GHz.
Three locations of RX is indicated on top of the
phantom. (± is used to indicate right and left.)

measure the scattering parameters of RX for 100 positions
of the stirrer during a full rotation. A semi-solid phantom
is used to emulate the dielectric properties of human skin at
60 GHz [15].
Firstly, scattering parameters are measured in free space

in the RC. For the antenna on body, the lossy phantom can
load the chamber during calibration measurements and thus
will change the power density values inside the chamber [16].
Therefore, the phantom is placed far away from the RX
during the free space measurements.
Secondly, the RX is placed on the center of the phantom

and the scattering parameters are measured on three loca-
tions of RX on the phantom (see Figure 4; center and 4 cm
from center on the right and the left).
The antenna aperture is calculated from the Q-factor [17].

Therefore, following equations(1) and (2), the response (the
ratio of antenna aperture) for diffuse fields RRC is defined
as:

RRC =
AAphantom

AAfree−space
=

⟨
|S21,ph|2 − |⟨S21,ph⟩|2

⟩⟨
|S21,fr|2 − |⟨S21,fr⟩|2

⟩ (4)

where S21,ph and S21,fr are S-parameters for the RX on
the phantom and the RX in free space (phantom at a far
distance from the RX), respectively. The notation ⟨⟩ stands
for an average over the stirrer’s positions.

2.2.3 Process measurements in a real environment
During the measurements in the real environment a power

(Pmeas
r,i ) is recorded on each antenna i. This received power

can be used to determine the incident power density (Sinc):

Sinc =
Pmeas
r,i

AAi
(5)

where AAi (m
2) is the effective median on-body antenna

aperture obtained from calibration measurements. For spec-
ular fields, AAi(φ,ψ) values are determined for any realis-
tic polarization (as the the sum of two orthogonal polariza-
tions) [18]:

AAi(φ,ψ) =
P body,H
r,i (φ)

Sfree,H
inc

cos2(ψ)

+
P body,V
r,i (φ)

Sfree,V
inc

sin2(ψ)

(6)

The free-space power density S
free,H/V
inc for the same input

power is obtained from the first step of calibration measure-
ments. A Gaussian distribution that is applicable for indoor
60 GHz communications is used for specular fields [13]. For
diffuse fields a uniform distribution is used [8]. During the

calibration measurements the powers P
body,H/V
r,i (φ) are reg-

istered for five angles (φ). These antenna apertures AAi

are determined for a realistic polarization ψ. Next, 1000 ψ-
samples are generated for every measured power value and
this is repeated during 1000 iterations. Calculating AAi, for
every pair of (φ,ψ), results in a distribution of AAi for every
antenna i.

For diffuse fields, RRC values are used in equation (5) to
calculate the incident power density on body.

3. RESULTS AND DISCUSSION

3.1 specular fields
Fig. 5 shows the distribution of the on-body antenna aper-

ture obtained from calibration measurements for both H and
V polarizations of the TX and RX. The measured antenna
aperture for the horizontally (H) oriented RX on-body and
on the skin equivalent phantom are also in good agreement
(difference is only 8.3% for the median values). These data
are in good agreement with the antenna aperture determined
from simulations (difference of 17.7% for the median values).
The median antenna aperture AAi is 0.1 mm2 (horizontal
orientation of RX) on phantom, 0.092 mm2 (horizontal RX)
on body, 0.077 mm2 (horizontal RX) for simulations and
23×10−3 mm2 (vertical RX) on body. Thus, the results
suggest that the absorbed energy for the body (horizontal
RX) is higher than the phantom, which leads to a lower re-
ceived power on the antenna on body and thus a lower AA
value for the body with respect to the phantom.
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Figure 5: Distribution of the on-body antenna aper-
ture: calibration measurements vs. simulations.



The response is determined using (1) and is equal to 0.8 (-
0.96 dB), 0.75 (-1.25 dB) and 0.72 (-1.4 dB) for one-antenna
calibration measurements on body, measurements on the
phantom and for simulations on the phantom, respectively.
This indicates underestimation of the incident electric fields
with respect to free space values. This conclusion is also ob-
tained for exposure assessment at frequencies ≤6 GHz [6,7].

3.2 diffuse fields
Figure 6 shows the ratio of AA (response) for diffuse fields.

At 60 GHz the RRC is equal to 1.2 which is higher than the
calculated response for specular fields (0.75 for the phantom
at 60 GHz). The value of RRC changes in the range of 1-1.2
and is reduced to about 0.9 with increasing the frequency.
The simulated response for the diffuse exposure is obtained
as 0.96 at 60 GHz and is 22.2% different from the measured
value at the same frequency.

frequency (GHz)

59.7 59.8 59.9 60 60.1 60.2 60.3

R
R

C

0.9

1

1.1

1.2

1.3

Figure 6: Ratio of antenna aperture in RC.

3.3 multi-node design of antennas
Fig. 7 compares the PI50 and PI95 of the angular averaged

response (Rmeas) of the PE consisting of 1, 2 and 3 antennas
for the specular fields, according to the best combination
of three antennas on the subject’s forearm. The value of
PI50 is reduced from 4.4 dB to 3.6 dB and 1.3 dB for three,
two and one antenna, respectively. Thus an improvement
of 3.1 dB is obtained for three antennas vs. one antenna.
Our proposed exposimeter has an improved PI50 of 16.6 dB
(1 antenna) and 19.7 dB (3 antennas) compared to the PI50
of commercial PEMs (up to 21 dB) at lower frequencies [7].
Also the PI95 value is reduced from 15.4 dB (1 antenna) to
6.6 dB (2 and 3 antennas), which is an 8.8 dB improvement.
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Figure 7: Angular averaged response with smallest
50% and 95% prediction intervals obtained from on-
body calibration measurements.

4. CONCLUSION
A personal exposimeter is proposed using a limited num-

ber of wearable antennas in the 60 GHz band. Using a
combination of multiple nodes, the proposed exposimeter
showed good accuracy. An improvement of 3-9 dB is ob-
tained for three antennas compared to a single antenna ex-
periment. The proposed prototype is the first 60 GHz PE
and to the authors’ best knowledge no data are available in
the literature. Future work will consist of developing the
PE for an improved wearability and multiple nodes over the
user’s body as well as a real measurement campaign in the
60 GHz band.
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