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T C-37–Measurements and Networking (current Chair 
Prof. Domenico Capriglione, University of Cassino 
and Southern Lazio, Italy) was built some years ago 

as an idea of Prof. Leopoldo Angrisani (University of Napoli 
Federico II, Italy) and Prof. Claudio Narduzzi (University of 
Padova, Italy), having in mind that given the complexity of 
modern networks and related systems, a multidisciplinary 
approach has to be followed for correctly addressing the tech-
nological challenges and issues that are arising and will arise 
in the future in the field of telecommunication systems and 
networking. So, the TC-37 is actively trying to promote the 
international cooperation and integration of researchers be-
longing to the Instrumentation and Measurement Society with 
ones coming from other areas of telecommunication and infor-
mation technologies.

The most up-to-date activities of the TC-37 members cover 
different areas that include methods and techniques for net-
work performance assessment, quality of experience (QoE) 
and quality of service (QoS) in computer networks, traf-
fic and protocol analysis, in-service testing, networking for 
measurements as wireless sensor network (WSN) design, 
implementation and performance assessment of WSNs, in-
door positioning, synchronization issues, vehicular networks, 
cognitive radio, measurements for security in networks, co-
existence and interference problems in networks and sensor 
networks, and standardization in sensor networks [1]–[17].

Among these research activities, due to the fast prolifera-
tion and the continued evolution of wireless technologies for 
short-range and long-range communications in recent years 
and in the near future great attention will be paid to the eval-
uation of human exposure to electromagnetic fields (EMFs) 
[18]. Indeed, depending on the specific application, the sources 
of EMFs span in a high-frequency range (from a few kHz up 
to tens of GHz), although a growing interest, today involves 
radio frequencies and microwave bands, in particular in the 
range of 100 MHz – 40 GHz. As a consequence, this frequency 
range is observed with particular care from several points of 

view: recently the International Commission on Non-Ionizing 
Radiation (ICNIRP) has provided new guidelines for limiting 
human exposure [19] while international technical committees 
and institutes continuously propose and update the relevant 
technical standards to be followed for assessing human ex-
posure to EMFs [20]–[22]. The importance of this topic is also 
confirmed by the current European projects in which many 
metrology institutions are involved [23].

As matter of fact, due to the fast evolution of modern 
communication technologies, these technical standards are 
updated also on the basis of many researchers working in this 
framework, and several members of TC-37 are engaged in this 
important topic [24]–[26].

Focusing the attention on this theme, this article provides a 
summary of the main measurement techniques employed for 
evaluating human exposure to RF EMFs by highlighting some 
issues and challenges still open in this research area.

Review of Measurement Techniques for 
RF In-situ EMF Level Estimations
To evaluate human exposure to RF EMFs several measurement 
techniques can be adopted depending on the purpose of the mea-
surement campaign and accuracy required [20]–[22]. Starting 
from measurement procedures given in [20], Fig. 1 summarizes 
the main approaches suggested by the technical standards.

In particular, a suitable site analysis should be carried out 
first to identify the EMF sources expected, their carrier fre-
quencies and bandwidths, the number of base stations and 
cells, and the kind of communication technology (2G, 3G, 4G 
and on) adopted.

The second step deals with the selection of the measure-
ment points: this phase requires particular care because the 
experimental scenario could include scattering objects and 
several kinds of obstructions that could significantly affect the 
reliability of the results. So, this step tries to define the most 
suitable exposure metric of the measurement points, depend-
ing on the particular features of the experimental scenario.



32	 IEEE Instrumentation & Measurement Magazine	 November 2021

After these preliminary analyses have been accomplished, 
depending also on the aim of the experimental campaign, the 
EMF exposure can be estimated according to two main ap-
proaches by performing “Broadband measurements” and/or 
“Narrowband measurements,” respectively.

Whatever be the considered approach, a final step dealing 
with the uncertainty evaluation is required to qualify the re-
liability of the experimental results. As better detailed in the 
following, this phase requires particular care in the identi-
fication of the uncertainty contributions due to the adopted 
measurement chain but also due to the intrinsic measurand 
variability (e.g., mainly due to the traffic loads and operat-
ing conditions of the base stations) and to the aleatory effects 
caused by scattering objects nearby to the measurement 
probes and antennas.

In the following, the main peculiarities of Broadband and 
Narrowband measurement approaches are described.

Broadband Measurements
Broadband measurements can provide a comprehensive es-
timation of EMF exposure over broad frequency bands. 
These kinds of measurements offer the main advantages of 
both providing a global evaluation of RF exposure level from 
all electromagnetic sources simultaneously operating over 
the whole instrument bandwidth and minimizing the mea-
surement time. In addition, they generally require both less 
expensive measurement chains and measurement procedures 
that are less complex compared with those required with the 
second approach (Narrowband measurements).

Broadband measurements can be adopted if no signal 
spectrum differentiation over the bandwidth investigated is 

required for identifying 
the contribution of each 
electromagnetic source to 
the total RF exposure. For 
these reasons, concerning 
cellular communications, 
broadband measurements 
cannot discriminate be-
tween the electric field due 
to the uplink and downlink 
bands.

As for the measure-
ment chain, it is generally 
constituted of a portable 
datalogger and equipped 
with an external isotropic 
broadband probe able to 
detect electric or magnetic 
fields or power density lev-
els falling into the probe 
bandwidth.

Broadband measure- 
ments provide the estima
tion of the RF exposure in a 
given area during the time 

interval in which the measurements are collected, and due to 
the strong time‑variant behavior of main EMF sources, they 
are not able to make forecasts about maximum exposure expe-
rienceable in such area but provide reliable information only 
about the RF exposure measured during the considered time 
interval.

Then, broadband measurements have to be complemented 
by narrowband measurements in the case the measured EMF 
level is approaching or overcoming the applicable limit (suit-
able threshold defined by a country’s legislation).

Narrowband Measurements
Narrowband measurements allow the relevant sources to be 
identified, thanks to the use of frequency-selective instru-
ments, thus quantifying the contribution to RF exposure due to 
each EMF source. These kinds of measurements provide more 
complete information about EMF sources relative to broad-
band measurements but require more expensive measurement 
chains and more time-consuming measurement procedures. 
However, in the case of evaluating the RF exposure to EMFs 
due to the cellular base stations, they allow implementing 
some extrapolations to maximum traffic load to provide the 
estimation of the maximum exposure experienceable. These 
techniques should allow the results to be independent on the 
day and the time interval in which the measurements are col-
lected, thus enabling the possibility of making forecasts about 
maximum exposure experienceable in a given area and also 
due to the simultaneous operating of several base stations.

Currently, the most widespread technologies for cellular 
communications are GSM (2G), UMTS (3G) and LTE (4G) [25], 
[27]. For each of them, specific extrapolation techniques have 

Fig. 1. Alternative approaches to evaluate in-situ RF exposure.



November 2021	 IEEE Instrumentation & Measurement Magazine	 33

been defined and further studies are in progress for defining 
suitable extrapolation techniques for the incoming 5G sys-
tems [21], [28].

As for the measurement chain, it includes a frequency se-
lective instrument connected to either an external isotropic 
or directive broadband antenna. The basic instrument is the 
spectrum analyzer which can be equipped with dedicated 
decoding capabilities for specific cellular transmission stan-
dards. These features are particularly useful whenever the aim 
of the measurement campaign is also to identify the contribu-
tion of each cell of a cellular system. Indeed, in the case of 3G 
and 4G systems, more cells operating nearby simultaneously 
share the same carrier frequency and bandwidth; therefore, it 
is possible to quantify the contribution due to each cell only if 
such decoding capabilities are available. Otherwise, the over-
all contribution is evaluated over a given bandwidth, and the 
related value will be due to all cells simultaneously covering 
that area.

Main Uncertainty Causes
The measurement of the RF Electric Fields requires the 
use of suitable measurement chains and measurement 
procedures to keep the overall measurement uncertainty 
relatively low [20]-[22]. Besides the metrological features of 
the elements constituting the measurement chain, further 
factors of influence have to be considered and kept under 
control to avoid unreliable exposure estimations. As an ex-
ample, the presence of the operator himself and/or other 
metallic objects or surfaces close to the electric field probe 
(in the case of broadband instrumentation) or the measure-
ment antenna (in the case of narrowband measurement 
chains) can significantly affect the measurement results 
as well as the channel fading caused by moving objects 
in the measurement scenario and the measurand intrin-
sic variability. This final factor mainly depends on the data 
traffic and the number of users during the time interval in 
which the measurements 
are performed.

Furthermore, due to 
the peculiarities of mod-
e r n  c o m m u n i c a t i o n 
signals, which are often 
characterized by spectrum 
shapes and time evolu-
tions typical of noise-like 
signals, the response of 
the probe and the mea-
suring instrument can be 
considered as a further 
cause of uncertainty in 
both broadband and nar-
rowband measurements. 
Finally, whenever digi-
tally modulated signals 
have to be analyzed and 
measured, the instrument 

settings have to be carefully selected to avoid large mea-
surement errors (in terms of power either overestimations 
or underestimations).

Narrowband Measurements on LTE 
Base Stations for Extrapolation to 
Maximum Traffic Load
In this section, the measurement setup and the experimental 
results of a measurement campaign carried out on a real LTE 
base station are reported. In particular, according to guidelines 
reported in [20], the extrapolation technique at the network 
maximum traffic load based on the use of spectrum analyzer 
measurements has been applied for evaluating the maximum 
expected electric field levels.

The measurement setup includes a directive Rohde & 
Schwarz HE300A log periodic antenna mounted on a tripod 
at 1.50 m-height from the floor and connected to a R&S FSH 8 
spectrum analyzer (Fig. 2). The directive antenna has been con-
figured to point to an LTE base station placed in the urban area 
of Cassino, Italy. The spectrum analyzer has been remotely 
controlled via the ethernet interface and programmed in Mat-
labTM environment for continuously acquiring and storing 
the measured electric field levels.

The whole measurement chain assures a total standard un-
certainty equal to 1.5 dB [25]. The measurement station has 
been configured for collecting the electric fields in two bands 
(800 MHz-frequency and 1800 MHz-frequency bands, respec-
tively) and three mobile operators (designated as OP1, OP2, 
and OP3).

Although the application of the extrapolation technique 
should assure that the achieved electric field level estima-
tions will be independent of the time interval in which the 
measurements are collected, in order to analyze the long-term 
repeatability of the extrapolated values, the measurement of 
the electric field has been performed for several days of a week 
without interruption.

Fig. 2. Measurement set-up for analyzing the long-term repeatability of the electric field due to network maximum traffic 
load.



34	 IEEE Instrumentation & Measurement Magazine	 November 2021

In more detail, the extrapolation technique proposed in 
[20] requires evaluating the maximum electric field magnitude 
(EMAX) by applying the following formula:

	   MAX PBCH PBCHE n E 	 (1)

where:
	◗ EPBCH is the electric field associated to Physical Broadcast 
Channel (PBCH), which is a down-link channel used to 
send information about the cell and the system as a whole 
and that should be characterized by a constant power 
level that does not depend on the traffic load;

	◗ nPBCH is the ratio between the maximum power of the cell 
and power associated with the PBCH. The value for nPBCH 
can be provided by the network operator or calculated 
according to the following equation:

	 
72
RS

PBCH

n
n 	 (2)

with nRS denoting the 
number of subcarriers 
in the used transmis-
sion bandwidth.

The value of EPBCH is 
evaluated according to the 
procedure and the mea-
surement settings proposed 
in [20], summarized as:

	◗ c e n t e r  f r e q u e n c y 
equal to the center 
frequency of the LTE 
signal;

	◗ frequency span equal 
to 0 Hz (zero-span 
mode), for measuring 
the received signal in 
the time domain;

	◗ r e s o l u t i o n  b a n d -
width (RBW) equal to 
1 MHz, for assuring 
to integrate the entire 
P B C H  f r e q u e n c y 
content;

	◗ sweep t ime equal 
to 70 μs t imes the 
n u m b e r  o f  t r a c e 
points for obtaining 
an integration approx-
imately close to the 
symbol duration for 
each trace point;

	◗ rms detector;
	◗ max-hold function-
ality selected with a 
minimum time equal 
to 20 s.

Fig. 3 shows the evolution of the maximum electric field ex-
trapolated value over a 24-h interval for three mobile operators 
on the 800 MHz-frequency and 1800 MHz-frequency bands.

It shows different behaviors for the considered mobile op-
erators and frequency bands:

	◗ As for the 800 MHz-frequency band, the extrapolated 
values for OP1 significantly vary during the day with a 
variability range of about 5 dB, whereas the extrapolated 
values of OP2 and OP3 show a variation contained in 2 
and 3 dB, respectively. The wider variation range shown 
in the case of OP1 is due to a significant operating change 
during the night which is less evident in the case of OP2 
and OP3. However, also in daylight intervals OP1 and 
OP3 show variations approaching 2 dB.

	◗ As for the 1800 MHz-frequency band, OP2 and OP3 
show the highest variability ranges (8.6 dB and 5.6 dB, 
respectively), whereas OP1 shows a variability range 
approaching 3 dB. Once again, the high values of variabil-
ity range are due to a significant drop of EPBCH during the 

Fig. 3. Evolution of EMAX over a 4-h interval: (a) 800-MHz frequency band, (b) 1800-MHz frequency band. (Day #4 is 
involved.)
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night’s hours, but significant variation is clearly visible 
also in the daytime intervals.

As said, to analyze the long-term repeatability of the re-
sults, the experiments were repeated for each day of a week. 
Table 1 reports the maximum variability ranges evaluated over 
each day of a week. From the analyses of such results some 
considerations can be drawn:

	◗ Each analyzed configuration (in terms of operator-
band) shows how the extrapolated values generally vary 
during the day and over the week. As a consequence, the 
measured values depend on the time interval and day in 
which the measurements are performed.

	◗ Whatever the operator and the frequency band, the 
observed variation ranges are not neglectable concerning 
the typical measurement uncertainty due to the instru-
ments chain (typically the standard uncertainty should be 
kept less than 2.0 dB). In some circumstances (see OP2-B2 
and OP3-B2), the variation ranges are larger than 5 dB and 
approach 10 dB in the case of OP2-B2.

On the whole, despite that the features of the PBCH sig-
nal should assure a value of EPBCH not dependent on time 
interval and day in which the measurements are collected, the 
experimental results show that the maximum electric field ex-
trapolated (EMAX) can vary in very wide ranges over the day 
and the week, thus affecting the reliability of the comparison 
with the applicable limits on human exposure.

Conclusions and Open Issues
The measurement of human exposure to RF EMFs is a topic 
of great interest today because of the growing diffusion and 
fast evolution of communication technologies. Due to the 
importance of the topic and the technical difficulties arising 
from the ever-increasing level of complexity of the communi-
cation technologies and experimental scenarios, worldwide 
researchers are involved in designing and fine-tuning mea-
surement methods, standard procedures, and instruments for 
achieving reliable results of human exposure.

The practical examples in this paper highlight how the re-
search in this field needs continuous updates, and it should 
involve long-term experimental campaigns for assessing the 
reliability of measurement techniques and procedures in sev-
eral experimental conditions and scenarios. These statements 
are strongly supported by current trends that push to employ 

DSS (Dynamic Spectrum Sharing) and 5G cellular technolo-
gies which will offer new challenges for the measurement of 
human exposure to EMFs generated by these kinds of sources. 
In particular, the antenna beamforming and the complexity 
of 5G technology will require the design of new and effective 
measurement techniques and protocols able to warrant an 
adequate tradeoff between accuracy and time needed to com-
pletely characterize human exposure in high-density urban 
scenarios, where several base stations simultaneously operate 
in the same area. These aspects shall be investigated for both 
narrowband and broadband approaches.

Furthermore, the estimation of the measurement uncer-
tainty will be an important topic to be addressed, taking 
into account several quantities of influence among which 
the response of the antennas, probes, and instruments to 
the signals generated by modern communication systems, 
as well as the long-term variability of the power emitted by 
the related Base Stations in given points of analysis should 
be examined.

References
[1]	 “Natiflife project,” Interreg Italia-Malta. [Online]. Available: 

https://natiflife-project.eu/.

[2]	 L. Gallucci, C. Menna, L. Angrisani, D. Asprone, R. Schiano Lo 

Moriello, F. Bonavolontà, and F. Fabbrocino, “An embedded 

wireless sensor network with wireless power transmission 

capability for the structural health monitoring of reinforced 

concrete structures,” Sensors, vol. 17, no. 11, Nov. 2017.

[3]	 L. Angrisani, P. Arpaia, F. Bonavolontà, M. Conti, and A. 

Liccardo, “LoRa protocol performance assessment in critical 

noise conditions,” in Proc. of 2017 IEEE 3rd Int. Forum Research and 

Technol. for Soc. Industry, Sep. 2017.

[4]	 F. Tramarin, A. K. Mok, and S. Han, “Real-time and reliable 

industrial control over wireless LANs: algorithms, protocols, and 

future directions,” in Proc. IEEE, vol. 107, no. 6, pp. 1027–1052, 

2019.

[5]	 M. Rizzi, A. Depari, P. Ferrari, A. Flammini, S. Rinaldi and E. 

Sisinni, “Synchronization uncertainty versus power efficiency in 

LoRaWAN networks,” IEEE Trans. Instrum. Meas., vol. 68, no. 4, 

pp. 1101–1111, Apr. 2019.

[6]	 G. Giorgi and C. Narduzzi, “Precision packet-based frequency 

transfer based on oversampling,” IEEE Trans. Instrum. Meas., vol. 

66, no. 7, pp. 1856–1863, Jul. 2017.

Table 1 – Week analysis of the maximum variability range

Operator – 
Frequency Band

Maximum Variability range (dB)

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

OP1 - B1 4.7 4.6 4.7 4.9 4.6 4.9 7.9

OP2 - B1 2.5 1.3 2.4 2.5 2.8 2.9 2.5

OP3 - B1 2.9 3.3 3.1 2.8 2.9 2.9 2.8

OP1 - B2 3.4 3.5 4.2 3.0 3.7 2.4 2.5

OP2 - B2 9.9 7.9 8.0 8.6 8.4 8.4 8.8

OP3 - B2 6.0 5.9 6.2 5.7 5.9 6.2 5.9



36	 IEEE Instrumentation & Measurement Magazine	 November 2021

[7]	 J. Suárez-Varela, A. Mestres, J. Yu et al. “Routing in optical 

transport networks with deep reinforcement learning,” J. Optical 

Commun. Networking, vol. 11, pp. 547–558, 2019.

[8]	 A. De Angelis, A. Moschitta, P. Carbone et al., “Design and 

characterization of a portable ultrasonic indoor 3-D positioning 

system,” IEEE Trans. Instrum. Meas., vol. 64, no. 10, pp. 2616–2625, 

2015.

[9]	 G. Cerro, L. Ferrigno, M. Laracca et al., “An accurate localization 

system for nondestructive testing based on magnetic 

measurements in quasi-planar domain,” Measurement, vol. 139, 

pp. 467–474, 2019.

[10]	V. Magnago, L. Palopoli, R. Passerone, D. Fontanelli and D. Macii, 

“Effective landmark placement for robot indoor localization with 

position uncertainty constraints,” IEEE Trans. Instrum. Meas., vol. 

68, no. 11, pp. 4443–4455, Nov. 2019.

[11]	D. Capriglione, G. Cerro, L. Ferrigno and G. Miele, “Effects of 

real instrument on performance of an energy detection-based 

spectrum sensing method,” IEEE Trans. Instrum. Meas., vol. 68, no. 

5, pp. 1302–1312, May 2019.

[12]	L. Angrisani, M. D’Arco, P. Monsurrò, and A. Trifiletti, “Two 

novel architectures for 4-channel mixing/filtering/processing 

digitizers,” Measurement, vol. 142, pp. 138–147, Aug. 2019.

[13]	G. Betta, G. Cerro, M. Ferdinandi, L. Ferrigno and M. Molinara, 

“Contaminants detection and classification through a customized 

IoT-based platform: a case study,” IEEE Instrum. Meas. Mag., vol. 

22, no. 6, pp. 35–44, Dec. 2019.

[14]	G. Cerro, M. Ferdinandi, L. Ferrigno, M. Laracca and M. 

Molinara, “Metrological characterization of a novel microsensor 

platform for activated carbon filters monitoring,” IEEE Trans. 

Instrum. Meas., vol. 67, no. 10, pp. 2504–2515, Oct. 2018.

[15]	L. Sciullo, L. Gigli, A. Trotta, and M. Di Felice, “WoT Store: 

Managing resources and applications on the web of things,” 

Elsevier Internet of Things, vol. 9, Mar. 2020.

[16]	A. Espírito-Santo, R. Abrishambaf, V. Paciello, and V. Huang, 

“The need for standardisation in low power smart sensing,” in 

Proc. 44th Annual Conf. IEEE Industrial Electronics Soc. (IECON 

2018), Oct. 2018.

[17]	J. C. Lin, “Human exposure to radio frequency, microwave and 

millimeter wave electromagnetic radiation,” IEEE Microwave 

Mag., vol. 17, no. 6, pp. 32–36, Jun. 2016.

[18]	“Guidelines for limiting exposure to electromagnetic fields (100 

kHz to 300 GHz),” ICNIRP, Healthy Phys., vol. 118, no. 5, pp. 

483–524, May 2020.

[19]	Determination of RF field strength, power density and SAR in the 

vicinity of radiocommunication base stations for the purpose of 

evaluating human exposure, IEC 62232:2017 Standard, International 

Electrotechnical Commission, Geneva, Switzerland, Aug. 2017.

[20]	Technical report IEC 62669:2019 Case studies supporting IEC 

62232 – Determination of RF field strength, power density and SAR 

in the vicinity of radiocommunication base stations for the purpose 

of evaluating human exposure, International Electrotechnical 

Commission, Geneva, Switzerland, Apr. 2019.

[21]	IEEE Standard for Safety Levels with Respect to Human Exposure 

to Radio Frequency Electromagnetic Fields, 3 KHz to 300 GHz 

Amendment 1: Specifies Ceiling Limits for Induced and Contact 

Current, Clarifies Distinctions between Localized Exposure and Spatial 

Peak Power Density, IEEE Standard C95.1a-2010 (Amendment to 

IEEE Std C95.1-2005), pp. 1–9, Mar. 2010.

[22]	“Metrology for RF exposure from Massive MIMO 5G base station: 

impact on 5G network deployment,” 18SIP02 5GRFEX. [Online]. 

Available: www.euramet.org.

[23]	S. Adda et al., “A methodology to characterize power control 

systems for limiting exposure to electromagnetic fields generated 

by massive MIMO antennas,” IEEE Access, vol. 8, pp. 171956–

171967, 2020.

[24]	A. Bernieri, G. Betta, D. Capriglione, G. Cerro, G. Miele and M. S. 

D’Amata, “LTE human exposure evaluation: maximum RF field 

strength extrapolation technique repeatability analysis,” IEEE 

Trans. Instrum. Meas., vol. 70, pp. 1–13, 2021.

[25]	M. Heikkilä et al., “Field measurement for antenna configuration 

comparison in challenging NLOS locations,” IEEE Trans. Instrum. 

Meas., vol. 67, no. 10, pp. 2476–2486, Oct. 2018.
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