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SHORT ABSTRACT 

A whole-body absorption meter, calibrated for simultaneous on-body measurements of the 

incident power density (𝑺𝒊𝒏𝒄) and whole-body averaged specific absorption rate (𝑺𝑨𝑹𝒘𝒃) in 

diffuse fields, is proposed. The meter consists of an on-body, textile antenna tuned to the 

GSM 900 DL band and is worn by a subject who is exposed to diffuse fields at 942.5 MHz in 

a reverberation chamber. The set-up allows for measurements of both the subject’s 

absorption cross section (0.32 m²), using measurements of the reverberation time, and the 

antenna aperture (2.8-3.3 cm²) of an on-body antenna. This antenna can thus be used for a 

simultaneous on-body measurement of the SARwb and the Sinc.  

INTRODUCTION 

Personal exposure to radio-frequency (RF) electromagnetic fields (EMFs) is usually 

measured using personal exposimeters (PEMs) [1, 2]. These are body-worn devices that 

contain an (on-body) antenna and register (quadratic) electric field strength values in several 

frequency bands. In order to have a relationship between fields measured by a PEM (on the 

body) and the incident power density (Sinc), these devices have to calibrated on the body [1]. 

Typically this calibration is carried out in an anechoic chamber [1] or an open-area test site 

[2]. During these measurements a subject wearing a PEM [2] or an on-body antenna [1] is 

rotated in the azimuthal plane, in order to emulate a random direction of incidence of the 

EMFs.  

This calibration has two main disadvantages. First, the elevation angle of incident fields is 

not taken into account, which is problematic for measurements in indoor environments, 

where a large spread of incident elevation angles is possible [3]. Second, the calibration does 

not provide any information on the absorption of RF EMFS, commonly quantified using the 

whole-body averaged specific absorption rate (SARwb). 

In [4], a method is introduced to measure the SARwb of a human in a reverberation room [5], 

which is a room designed to create random incident fields. The incident EMFs in a 

reverberation room are diffuse, meaning that the Sinc is uniformly distributed over all incident 

angles, and thus include a dependence on the elevation angle 

The goal of this paper is to calibrate an on-body antenna worn by a human subject in a 

reverberation chamber. This allows for a calibration that takes into account all incident angles 

and simultaneously allows for a measurement of the SARwb. The on-body antenna can then 

be used as a wearable SARwb-meter. 

MATERIALS AND METHODS 

The used RF node consists of a linearly polarized, quarter-wavelength, planar, inverted F-

antenna (PIFA) tuned to the Global System for Mobile Communications (GSM) 900 



downlink (DL) band: 925-960 MHz, fabricated with textile materials, and an RF power 

detection unit tuned to the GSM 900 DL band. The RF power detection unit records the 

received power (Pr) on the textile antenna and provides a geometric averaged received power 

with a resolution of 1 dB, a sensitivity of -72 dBm, and a sample interval of 1 Hz. The RF 

node is powered by 3 AA batteries (1.5 V).  The RF node is lightweight, does not interfere 

with body movement, has a surface of 10 x 12 cm², and is suitable for real-life measurements 

[6]. 

The absorption of RF EMFs is studied using the absorption cross-section (ACS, unit: m²) in 

indoor environments. This quantity is defined [3,4] as: 

𝐴𝐶𝑆 =  
𝑃𝑎𝑏𝑠

𝑆𝑖𝑛𝑐
 (1) 

with Pabs the absorbed power in a room (unit: W) and Sinc the incident power density (unit: 

W/m²) in the diffuse field. This absorption cross section can be obtained from the 

reverberation time (𝜏) in a room with volume (V) [3,4].  

𝜏 =
𝑉

𝐴𝐶𝑆 × 𝑐
 

(2) 

 

with c the speed of light. 

 

  

 
Fig. 1: Set-up in the reverberation chamber 

Figure 1 shows an illustration of the set-up used in the reverberation chamber. The 

reverberation chamber is a cuboid with a metallic coating of volume V = 5.67 x 4.07 x 2.8 m³ 

= 65 m³. The room contains an electromagnetic stirrer that can be rotated around its axis and 

perturbs the EMFs in the reverberation chamber. If the fields in the chamber are averaged 

over a full rotation of the stirrer, they can be regarded as being perfectly diffuse [5]. The 

room contains one transmitting antenna (TX), a YAGI antenna, placed on a tripod of 1.5 m 

height in a corner of the room. The signals are received by an identical receiving antenna 

(RX) on a tripod of 1.5 m height, which is placed in the opposite corner. The subject, a 26 



year old male subject with a BMI of 22 kg/m² and a mass of 81 kg, is placed in four 

orientations (N(orth),E(ast),S(outh), and W(est)) on positions 1 (pos 1) in the room, see 

Fig. 1, an in the E direction on pos 2. 

 

First, an isotropic field probe (NARDA NBM 550, Narda, Hauppage, NY, USA) is used to 

measure the Sinc from 0.5 to 2 m above the floor; along a vertical line on each of the two 

studied positions. During these measurements the TX emits a continuous wave at 942.5 MHz 

with an input power of 1 mW, while the stirrer rotates 360° at a speed of 3°/s. This Sinc is then 

averaged over the height of the subject (1.91m) and all orientations of the stirrer, in order to 

determine the Sinc in diffuse fields. 

Second, the reverberation time 𝜏0 is measured in an empty room, in order to obtain the ACS0 

of the empty room. In a third step, the human subject is placed in the room and a second 

reverberation time 𝜏1 and corresponding ACS1 is obtained. The ACSsubj of the subject is then 

obtained as the difference between the two reverberation times: 

𝐴𝐶𝑆𝑠𝑢𝑏𝑗 = 𝐴𝐶𝑆1 − 𝐴𝐶𝑆0 =
𝑉

𝑐
(

1

𝜏1
−

1

𝜏0
) (3) 

The ACSsubj can be used to determine the SARwb: 

𝑆𝐴𝑅𝑤𝑏 =
𝐴𝐶𝑆𝑠𝑢𝑏𝑗 × 𝑆𝑖𝑛𝑐

𝑀
  (4) 

with M the mass of the subject. For these measurements a pulse of 16 μs with a bandwidth of 

100 MHz around 942.5 MHz (pos 1) or 953 MHz (pos 2) is used. The value measured on pos 

2 only serves as a validation of the one measured on pos 1. 

In a fourth step, the subject is equipped with an RF node, which is placed horizontally 

polarized (parallel to the floor) on the subject’s left chest. The TX emits at 942.5 MHz at an 

input power of 1 mW and the stirrer is rotated at a speed of 3°/s from 0° to 360°, emulating a 

diffuse field. During this rotation, the received power on the antenna (𝑷𝒓(𝝋)) is recorded as a 

function of the rotation angle φ of the stirrer. These are then averaged over φ, in order to 

obtain 𝑷𝒓 , the received power on the antenna in diffuse fields. The antenna aperture (AA) in 

diffuse fields is then equal to: 

𝐴𝐴 =
𝑃𝑟

𝑆𝑖𝑛𝑐
 (5) 

This AA can be used to determine the SARwb from measurements with the RF nodes in 

diffuse fields: 

𝑆𝐴𝑅𝑤𝑏 =
𝐴𝐶𝑆𝑠𝑢𝑏𝑗 × 𝑆𝑖𝑛𝑐

𝑀
=

𝐴𝐶𝑆𝑠𝑢𝑏𝑗 × 𝑃𝑟

𝑀 × 𝐴𝐴
=

𝑃𝑟

𝑀𝐹
 (6) 

with MF the mass factor (unit: kg). This is the factor that can be used to obtain the SARwb 

from the power received on an antenna. The AA and the ACSsubj should be independent of 

the subject’s position and orientation in the reverberation chamber.  

 

RESULTS 

 

 
 



 Position 1 Position 2 

ACSsubj (m²) 

0.32 [0.29,0.35]
a
  

(@ 942.5 MHz) 

0.34 [0.31,0.37]
a
  

(@ 953 MHz) 

Sinc (mW/m²) 3.0 [2.3,3.9]
 a
 3.4 [2.7,4.2]

 a
 

Pr (𝝁W) 1.0 [0.34,3.0]
 a
 0.94 [0.42,2.1]

 a
 

AA (cm²) 3.3 [1.1,10]
b
 2.8 [1.2,6.3]

 b
 

MF (kg) 0.084 [0.028,0.25]
 c
 0.071 [0.031,0.16]

 c
 

a 
Logarithmic mean and 68% confidence interval 

b 
Logarithmic mean and combined 68% confidence interval 

c 
Logarithmic mean and combined 68% confidence interval, calculated  with an ACS = 0.32 m² 

ACS =Absorption Cross Section, Sinc = incident power density, Pr= received power,  

AA= Antenna Aperture, MF = Mass Factor 

 

Table 1: Results of calibration measurements. 

Table 1 lists the different measured ACS values, determined using the measurements of 𝜏0 

and 𝜏1. The measured ACS values, which are 0.32 m² at 942.5 MHz and 0.34 m² 953 MHz, 

on positions 1 and 2, respectively, are comparable for both measured positions and have a 

relative small 68% confidence interval of 0.8 dB (0.06 m²). This value can be used to 

estimate the SARwb of the subject in diffuse fields. For example, for a diffuse Sinc = 1 W/m², 

the SARwb of the subject would be 0.004 W/kg. The International Commission on Non-

Ionizing Radiation Protection (ICNIRP) reference level at 942.5 MHz is 4.7 W/m² [7], which 

would correspond to a SARwb of 0.019 W/kg, which is lower than the basic restriction of 0.08 

W/kg.  

The mean AA of the antenna placed on the left chest is 3.3 cm² on position 1 and 2.8 cm² on 

position 2, see Table 1. The confidence interval on the mean value is determined using a 

combined standard uncertainty calculated using the measured standard uncertainties on Pr 

and Sinc. The two measured AA values are similar and show overlapping confidence 

intervals. In diffuse fields, the AA of the same antenna should be the same, regardless the 

orientation or position in the diffuse fields [3]. The AA can be used to estimate the Sinc from 

measurement of the on body antenna. In a diffuse environment, a Pr of 1 𝜇W on the antenna 

corresponds to a mean Sinc of 3 mW/m², using the AA of 3.3 cm², measured on pos 1, see 

Table 1. The on-body antenna can thus serve as a PEM for diffuse (indoor) environments. 

The most important advantage of this calibration method is that it allows for the 

determination of the MF, without using any numerical simulations. Table 1 lists MF values of 

0.084 and 0.067 kg, measured on pos 1 and 2, respectively. This MF enables one to directly 

estimate the SARwb of the subject in diffuse environments, from on-body measurements. 

When using the average MF=0.076 kg, a received power of 1 𝜇W on the antenna corresponds 

to a mean SARwb of 13 𝜇W/kg. In [6], a MF of 0.11 kg is estimated for a set of RF nodes 

tuned to the same frequency band, worn on the body in a specular environment. This value is 

higher than the values presented in Table 1, potentially due to the difference polarization 

distributions (uniform in diffuse and normal in the studied specular environment) and the 

absence of elevation angles in the calibration measurements in [6], but lies within the 68% 

confidence intervals listed in Table 1. 



CONCLUSIONS 

We propose a whole-body absorption meter, calibrated for simultaneous on-body 

measurements of the incident power density (𝑺𝒊𝒏𝒄) and whole-body averaged specific 

absorption rate (𝑺𝑨𝑹𝒘𝒃) in diffuse fields, using an on-body textile antenna. An on-body, 

textile antenna tuned to the Global System for Mobile (GSM) communications downlink 

band around 900 MHz is worn on the body of a subject who is exposed to diffuse fields at 

942.5 MHz in a reverberation chamber. The subject has an absorption cross section of 0.32 

m², which is determined using measurements of the reverberation time. The antenna aperture 

of an on-body antenna and the Sinc can be measured using the same setup. This allows for a 

simultaneous estimation of the SARwb and the Sinc from measurements on the body. The 

advantages of this technique are that it does not require any numerical simulations, and 

corresponding simulation uncertainties, and that all incident angles for the Sinc are included. 
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