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Abstract 

This thesis investigates the feasibility of a compact, low-cost wearable device for the assessment 
of electromagnetic field (EMF) exposure levels in prospective 6G scenarios in the 14.8–15.35 GHz 
frequency range. The work is motivated by the intention to anticipate future measurement 
requirements by developing a solution specifically conceived for frequency bands and propagation 
conditions that are expected to play a significant role in next-generation wireless systems, thus 
contributing, at least in part, to the mitigation of one of the main issues that may hinder the early 
deployment of new communication technologies, namely the lack of adequate instruments for 
measuring the EMF associated with the signals of interest. 

To this end, the main characteristics of previous generations of mobile communication systems 
were first examined in order to gain a deeper understanding of RF-EMF exposure and of the 
challenges that newer generations, such as 5G and prospective 6G systems, pose to researchers 
involved in the development of new measurement and modeling techniques. Standardized and non-
standardized measurement protocols for the assessment of RF-EMF exposure levels were then 
presented, together with the main characteristics of the different types of devices that may be 
employed for this purpose, so as to identify useful insights supporting the achievement of the main 
objectives of the present work. Furthermore, since the characterization of 6G signal levels is expected 
to raise challenges similar to those already posed by 5G signals, two real-environment measurement 
campaigns were discussed in order to examine the solutions currently adopted for the 
characterization of exposure levels associated with 5G signals. 

The considerations drawn from this analysis led to the definition of a proof-of-concept 
architecture based on a planar radiating element, an RMS RF power detector, and a digital acquisition 
section. Particular attention was devoted to the design and validation of the antenna, which represents 
the most critical and original element of the system, since its radiation characteristics, physical 
footprint, and fabrication cost directly affect both the measurement performance and the overall 
compactness and economic viability of the proposed device. More precisely, in order to satisfy the 
main requirements of the target application in terms of compactness, cost-effective manufacturability, 
polarization behavior, and radiation performance, a single-microstrip-fed circularly polarized patch 
antenna, operating at 15 GHz on a 0.508 mm-thick Rogers RO4003C substrate and occupying an 
overall area of 22.00 mm × 12.70 mm, was designed and optimized through extensive numerical 
simulations carried out with CST Studio Suite. 

On the basis of the obtained design, the antenna prototype was fabricated and experimentally 
characterized in a semi-anechoic chamber in order to verify whether it was capable of reproducing the 
behavior predicted by the electromagnetic simulations performed on the numerical model of the 
antenna. Overall, the obtained results validate the proposed proof-of-concept design and demonstrate 
the practical feasibility of a compact, low-cost wearable personal exposimeter for prospective 6G 
applications. In this sense, the work contributes to the development of devices specifically aimed for 
long-term personal EMF exposure assessment in realistic scenarios. 
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1 Chapter 1: Overview of mobile communications 
technologies 

 Mobile technologies have dramatically evolved over the past decades, leading to a fully 
connected society and empowering socio-economic transformations, including those for productivity, 
sustainability, and well-being [1]. More specifically, over the last 30 years, a remarkable growth in 
connectivity and in traffic density/volume has been observed, driven by the continuously increasing 
demand for mobile services. In this context, an unprecedented step forward was represented by the 
introduction of the 5G New Radio (NR) standard, which provides significantly higher throughput, 
substantially reduced latency, ultra-high reliability, much higher connectivity density, and an 
extended mobility range. Furthermore, additional advancements in this direction are expected with 
the introduction of the sixth generation (6G) of mobile communications, presumably starting from 
2030. Indeed, it is expected that 6G networks will enable data rates on the order of 100 Gbit/s 
(approximately ten times the theoretical maximum speed achievable with 5G technology), with 
latency values below 100 µs. However, it is clear that the adoption of new networking technologies, 
such as 6G, cannot disregard the assessment of potential causal relationships between the duration 
and levels of exposure to radiofrequency electromagnetic fields (RF-EMF) and possible effects on 
human health, in order to ensure the safety of individuals who, consciously or not, will inevitably be 
exposed to such fields. It is precisely within this framework that the present research project is 
positioned. Its main objective, in fact, is to provide a proof of concept for the realization, through the 
use of low-cost components, of a wearable device suitable for assessing exposure levels to upcoming 
6G signals. 

This choice offers the clear advantage of anticipating future needs and, therefore, making 
available a device capable of characterizing exposure levels to 6G signals at the time when 6G 
communication networks will be deployed. This aspect should not be underestimated. Indeed, one of 
the factors that initially limited the widespread adoption of 5G technologies was the lack of adequate 
tools (both from a mathematical and a hardware perspective) for the measurement of 5G signals in air. 
In fact, as will be better explained in the following sections, 5G NR introduced new solutions in terms 
of standards (frame duration, bandwidth, power allocation, etc.) and a completely new concept for 
managing radiation distribution (beamforming, power control). Consequently, previously adopted 
approaches for exposure monitoring and assessment, as well as for coverage optimization, proved to 
be no longer adequate making it necessary to introduce entirely new paradigms [1]. 

On the other hand, the intention to operate with signals for which standards have not yet been 
defined requires making assumptions about their specific characteristics and does not currently allow 
for a full in-field testing of the device under investigation. From this perspective, it is therefore useful 
to provide a brief overview of the evolution of mobile communications technologies, with particular 
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attention to the main characteristics of the different generations. An overview of the previous 
generations of mobile communications systems is, indeed, useful to take advantage of the developed 
methods and models in order to better understand the impact and the characteristics of EMF exposure 
and the challenges that new generations (5G and 6G) pose to researchers for the development of new 
measurements and modelling techniques.  

In fact, it is clear that different types of signals and networking technologies cause antennas and 
mobile devices to generate profoundly different emission and reception power levels. Mobile phones, 
in particular, employ low-power transmitters, which can reach peak transmitted powers below two 
Watts, and are designed to automatically transmit at the minimum power required to maintain 
connection quality (this feature is known as adaptive power control). Also, mobile network 
technologies affect radiation exposure to the same extent as the device design itself. In fact, users of 
the same mobile device may absorb different amounts of radiofrequency emissions depending on 
which carrier serves them [2]. For instance, when operators shifted from 2G to 3G technologies, mobile 
devices operating on 3G networks used lower power levels for a larger amount of the transmit time, 
and their users experienced lower radiation exposure levels [3]. Therefore, the signal standards 
adopted in any telecommunication scheme represent one of the most critical factors not only for 
network performance and enhanced services, but also for compliance with health and safety 
requirements. Thus, as stated before, to facilitate a thorough outlook of the progress of the signal 
standards, a brief overview of the evolution of the technologies used will be given in the following 
sections. 
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1.1 1G, 2G and 3G technologies 

 The earliest form of mobile networking technology, which is now referred as 0G (zero 
generation) mobile technology, was developed in the previous century and was mostly used for 
military purposes. Usually vehicle mounted, huge transceivers and dials were utilised, so as to 
achieve communication among moving units. 

 

Figure 1.1 – Evolution of Mobile Networks. 

1G (first generation) was later developed (Figure 1.1) and mobile phones were realized for commercial 
use. The key features of 1G, in terms of technology and services were briefly the following: 

• the Cell concept developed by the Bell Labs in the 70’s was utilized and the first commercial 
use of cellularly structured networks for mobile communications was introduced. Each cell is 
an area where a base station serves all mobile users in range. When a user moves from one cell 
to another their service is handed over to the next base station without interruption of 
communication (handover or handoff); 

• voice was the only type of information transferred in the network; 
• the information (sound) signal transfer was made possible with Analogue Frequency 

Modulation (AFM)with carrier frequencies in the Very High Frequency (VHF) band; 
• the modulation nature defined a single analogue channel for signal transmission and 

reception; 
• the multiplexing technique used was Frequency Division Multiplexing (FDM), in which the 

entire bandwidth is divided in several sections and each sub band is assigned to a certain 
device [4]. It is feasible to apply Time Division Multiplexing (TDM) on each of the sub bands 
separately. 

The channel access technique used in 1G was the Frequency Division Multiple Access (FDMA), as it 
was the earliest and most sophisticated channel access method at the time, for transmission of 
multiple channels of information through a single communication medium. The FDMA scheme is a 
technique built on the FDM method (Figure 1.2, left). This technique can be considered the oldest and 
the simplest form of multiplexing. In this technique the available frequency band is divided into 
channels of equal bandwidth so that each conversation is carried on a different frequency sub-band [4] 
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and each sub-band is assigned to a certain device. Users can send data through a subchannel by 
modulating it on a carrier wave at the subchannel's frequency. It is also feasible to apply TDM on each 
sub-band separately. Guard bands are used to minimise the crosstalk between the channels, which 
leads to a waste of capacity. Moreover, if an FDMA channel is not in use, then it is idle as it cannot be 
used by other users to increase or share capacity. 

 

Figure 1.2 – FDMA (left) channel distribution (1G) vs TDMA (right) channel distribution (2G) [1]. 

The advantages of 1G systems were numerous and unprecedented. However, the capacity limitations, 
the quality issues, and the limitations of national standards of the first analogue mobile 
communication systems led to the development of a 2nd generation of cellular mobile communication 
systems. 

The second generation of cellular network (2G) was commercially launched in 1991 (Figure 1.1) 
and 2G was the first full digital standard introduced, enabling a significantly more efficient use of the 
frequency spectrum. There were several systems deployed as part of the second generation of cellular 
network but the most successful and universally deployed 2G system, for over three decades, was 
GSM (Global System for Mobile communications), upon which all others were applied as 
enhancements. The main features of GSM technology are listed below [1]: 

• Gaussian Minimum Shift Keying (GMSK) modulation. This modulation scheme is a filtered 
version of Minimum Shift Keying (MSK), which is itself a spectrally efficient modulation 
scheme for use in mobile communication systems because of its properties such as constant 
envelope, spectral efficiency, good Bit Error Rate (BER) performance, and self-synchronizing 
capability, used to overcome one of the problems encountered with standard forms of Phase 
Shift Keying (PSK) that is the sidebands that extend out from the carrier [5]. Later on, higher 
order modulation schemes were used. 

• Time Division Multiple Access (TDMA) signalling. This allows several users to share the 
same frequency channel by dividing the signal into different time slots. The users transmit in 
rapid succession, one after the other, each using its own time slot (Figure 1.2, right). Slots from 
all subscribers are combined into cyclically repeated super-slots. Synchronization can be 
performed by periodically sending known service sequences within one or more super-slots; 
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• Frequency Division Duplex (FDD) carriers, used for establishing a full-duplex 
communications link by using two different radio frequencies for transmit and receive 
operations. More precisely, the transmission and reception frequencies are separated by a 
defined frequency offset; this is a solution to resolve the transmit-receive signal ratio situation, 
just as power control is a solution to resolve the near-far signal strength ratio problem; 

• channel spacing of 200 kHz; 
• designed for operation in the 900 MHz band but was adapted also for 1800 MHz and upon its 

later introduction in North America, GSM incurred further adaptation to the 800 and 1900 
MHz bands, as well as other bands over the years. 

GSM was designed for digital voice telephony. Later on, the High-Speed Circuit-Switched Data 
(HSCSD) service was introduced in the GSM Phase 2+. A significant increase in speed could then be 
obtained by aggregating up to four channels into a single, grouped, circuit-switched connection. 
HSCSD is an example of multi-slot configuration, in which all channels have the same channel mode; 
it has later been replaced by General Packet Radio Service (GPRS) and Enhanced Data Rates for GSM 
Evolution (EDGE), which offer higher data rates.  

GPRS adds packet-switched functionality to GSM, which is essentially circuit switched. It offers 
faster data rates than plain GSM by aggregating several GSM timeslots into a single bearer, potentially 
up to eight. The access scheme is still TDMA, with eight basic physical channels per carrier. Therefore, 
one physical channel (Packet Data Channel-PDCH) is employed for data transfer, upon which several 
logical channels are mapped, and is defined by a sequence of TDMA frames, a time slot number, and a 
frequency hopping sequence. The basic radio resource is a time slot, whose physical content is called 
burst, and is lasting ≈ 576,9 μs and transmitting information at a modulation rate of ≈ 270,833 
ksymbol/s. Each symbol is one to five bits depending on the actual modulation used: GMSK, 
Quadrature Phase Shift Keying (QPSK), 8-PSK, 16QAM (Quadrature Amplitude Modulation) and 
32QAM respectively. The overall slot structure in the GPRS physical channel is the same as in GSM 
and therefore shares the same power profile. The RF channel spacing is 200 kHz, allowing for 41 (T-
GSM 380), 41 (T-GSM 410), 35 (GSM 450), 35 (GSM 480), 89(GSM 710), 74 (GSM 750), 74 (T-GSM 810), 
124 (GSM 850), 209 (ER-GSM 900), 194 (GSM 900), 374 (DCS 1 800) and 299 (PCS 1900) radio frequency 
channels. 

EDGE is an enhancement of the GSM radio access technology to provide faster bit rates for data 
applications, both circuit and packet switched. As such, EDGE is realized via modifications of the 
existing GSM physical layer, rather than by separate, stand-alone specifications. The increased data 
rate was accomplished by the 8-PSK modulation technique coupled with new channel coding 
resulting in improved spectral efficiency. In fact, EDGE uses a combination of 8-PSK and GMSK, 
which improves the bit rate under virtually all radio conditions. The four coding schemes of GPRS 
increased to nine in EDGE, and new segmentation techniques can radically improve throughput by 
permitting the coding scheme to be changed on the fly in case of retransmission of a segment in 
rapidly changing radio conditions. EDGE is transparent to the upper layers, so it is possible to apply 
EDGE on top of GPRS (Enhanced GPRS), thus increasing the theoretical data rate to 384 kbit/s which 
is comparable with the early 3G rates. For this reason, EDGE is considered to be the bridge between 
the 2nd and the 3rd generation of mobile communication systems. GSM network enhanced with 
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HSCSD, GPRS, and EDGE is referred under the umbrella acronym GERAN (GSM/EDGE Radio Access 
Network). 

 
  GSM / GMSK EDGE / 8PSK 
Symbol Rate 270.833 kbps 270.833 kbps 
bits/symbol 1 3 
Bit rate/time slot 22.8kbps 68.4kbps 

Table 1.1 – GMSK, 8PSK Comparison. 

The capacity limitations of second-generation mobile communication systems, together with an 
increasing demand for supporting multimedia services (not primarily voice) and higher data 
transmission rates, as well as the demand for a worldwide mobile communication system, triggered 
the introduction of 3rd generation systems. All different proposals were included under the 
International Telecommunications Union – Radio (ITU-R) umbrella called International Mobile 
Telecommunications (IMT-2000), and their harmonization led to the foundation of the 3rd Generation 
Partnership Project (3GPP) and, finally, to the establishment of the Universal Mobile 
Telecommunication System (UMTS). One of the most important mobile standards included, was the 
CDMA2000 standard, which operated in a paired 2x1.25 MHz FDD channel, instead of 2x5 MHz.  

This narrower channel band allowed for greater spectrum assignment flexibility and cost 
efficiency. 

UMTS offers greater spectral efficiency than GSM and has 2 modes [6]: 
• in FDD mode UpLink (UL) and DownLink (DL) streams are separated in the frequency 

domain via different frequency bands. This mode is also called Wideband Code Division 
Multiple Access (W-CDMA) or Direct Spread CDMA. W-CDMA, as an air interface standard, 
has been designed for always-on packet-based wireless service, so that computers and 
entertainment devices may all share the same wireless network and connect to the Internet 
simultaneously; 

• in Time Division Duplex (TDD) mode UL and DL streams are separated in the time domain 
via different time slots. Both modes use direct sequence to separate the different users, i.e., 
each symbol of one user is multiplied by a user specific spreading code. With this CDMA 
technique multiple users can transmit in the same (larger) band and the decoder, knowing one 
user's spreading code, can pick up the data of this specific user. The data of other users appear 
as noise in this decoding process. Using a wide frequency band makes the system inherently 
resistant to many drawbacks of narrow band systems such as interference from other 
transmissions, multipath reflections, etc.; 

• W-CDMA supports data rates of up to 2.048 Mbps if the user is stationary, thereby allowing 
high-quality data, multimedia, streaming, and broadcast services to consumers. With W-
CDMA, data rates from as low as 8 kbps to as high as 2 Mbps can be carried simultaneously 
on a single W-CDMA 5 MHz radio channel, with each channel supporting between 100 and 
350 simultaneous voice calls at once, depending on antenna sectoring, propagation conditions, 
user velocity and antenna polarisation; 
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• both modes were originally (in the first release: Release 99) defined with a 10 ms radio frame 
divided into 15 slots, a chip rate of 3,84 Mchips/s and a channel spacing of 5 MHz. A physical 
channel is defined as a code or number of codes and complementarily as a sequence of time 
slots in TDD mode; 

• UMTS was originally specified for operation in bands in the 2 GHz range. Subsequently, it 
was extended to operate in a number of other bands, including those originally reserved for 
2G services; 

• UMTS was continuously enhanced over several releases with new techniques such as 64QAM, 
and Multiple Input Multiple Output (MIMO), and offered the potential capability for Active 
Antenna Systems, Indoor Positioning, Self-Optimising Networks, and others.  

 

Figure 1.3 – Evolution of Mobile Technologies [1], [7]. 

Essentially, 3G systems integrated voice and data applications and offered greater end to end 
security than their predecessors. More precisely, 3G telecommunication networks support services 
that provide an information transfer rate of at least 384 kbit/s (moving vehicles) up to 2 Mbit/s 
(stationary or walking). Later 3G releases, often denoted 3.5G and 3.75G, also provide mobile 
broadband access of several Mbit/s to smartphones and mobile modems in laptop computers. This 
ensures it can be applied to wireless voice calls, mobile internet access, fixed wireless internet access, 
video calls and mobile TV technologies. The latest UMTS release, Evolved High Speed Packet Access 
(HSPA+), can provide, in theory, peak data rates up to 56 Mbit/s in the downlink (28 Mbit/s in existing 
services) and 22 Mbit/s in the uplink. However, as shown in Figure 1.3, the evolution of mobile 
telecommunication systems has been rapid during the last three decades and the older generations, 
such as 2G and 3G, have long been considered obsolete; for this reason, 2G and 3G will be gradually 
phased out by mobile network operators in order to use the available frequencies more efficiently, 
specifically for the expansion of 4G and 5G that represent the today standards. An overview of fourth 
and fifth generation mobile technologies will be provided in the following sections. 
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1.2 4G technology 

The fourth generation of cellular network technology was introduced around 2010, according to 
the standard IMT Advanced, which consists of an IP-based packet-switched network and uses a 
broadband technique called Long Term Evolution (LTE), with increased spectral efficiency, offering a 
significant increase in speed as compared to 3G, up to 100 Mbit/s for high mobility use and 1 Gbit/s for 
low mobility use (LTE Advanced). A comparison between 3G and 4G is shown in Table 1.2: 

 
3G Technology 4G Technology 

maximum upload rate: 5 Mbps. maximum upload rate: 500 Mbps. 
maximum download rate: 21 Mbps. maximum download rate: 1 Gbps. 
It uses a packet switching technique. It uses the packet switching technique as 

well as the message switching technique. 
frequency range: from 1.8 GHz to 2.5 GHz. frequency range: from 2 GHz to 8 GHz. 
wide area cell-based network architecture. integration of Wireless LAN as well as 

Wide Area cell-based network architecture. 
turbo codes are used for error correction. concatenated codes are used for error 

correction. 
Internet Service is broadband. Internet Service is ultra-broadband. 

data bandwidth: 2 Mbps – 21 Mbps. data bandwidth: 2 Mbps – 1 Gbps. 

Table 1.2 – Comparison between 3G and 4G technology. 

More precisely, in December 2004 the industry that has developed the 3GPP technologies 
launched a project (called Long Term Evolution) to study requirements for a new air interface called 
E-UTRA (Evolved Universal Terrestrial Radio Access). LTE is the upgrade to both GSM/UMTS 
networks and CDMA2000 networks and it was developed to increase the speed and capacity of 
mobile communication networks using digital signal processing techniques and modulations. The 
new characteristics of 4G included [1]: 

• significantly increased peak data rates e.g., 100 Mbps in downlink/50 Mbps in uplink; 

• increased bitrates at the edge of cells assuming current site locations; 

• improved spectrum efficiency and reduced latency; 

• scalable bandwidth for a greater flexibility in frequency allocations; 

• reduced capital and operational expenditure including backhaul; 

• acceptable system and terminal complexity; 

• ad hoc and multi-hop networks; 

• cost and power consumption; 

• support for inter-working with existing 3G systems and non-3GPP specified systems; 

• efficient support of the various types of services (e.g., Voice over IP, Presence); 

• optimisation for low data rates but supporting high mobile speed; 
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Some of the features of the LTE systems are the following [1]: 

• while UMTS started with a focus on circuit-switched data that was then more and more 
enhanced via shared channels and HSPA into the direction of a packet switched system, LTE 
is a pure packet-switched system; 

• the multiplexing technique used is the Orthogonal Frequency Division Multiplexing (OFDM) 
and the access method is OFDMA (Orthogonal Frequency Division Multiplexing Access). In 
brief, OFDMA works by dividing a wireless channel into smaller sub-carriers and separating 
those sub-carriers into even smaller resource units. The transmitter then can divide those very 
small parts of bandwidth among multiple users by bundling separate packets into a single 
simultaneous transmission. OFDM makes use of the concept of orthogonality of signals, as 
shown in Figure 1.4, and the properties of Discrete Fourier Transform (DFT) to transmit the 
signals whose spectrum can overlap with each other avoiding the use of guard band which 
was needed in traditional frequency division multiplexing technique. Since DFT is a linear 
combination of orthogonal sinusoids, it essentially correlates its input signal with each 
sinusoid basis function. So, if the signal has some energy at certain frequency there will be a 
peak in the correlation of the input signal and the basis sinusoid that is at that corresponding 
frequency. OFDM with a cyclic prefix is used in the downlink, and Single-Carrier FDMA (SC-
FDMA) with a cyclic prefix in the uplink. SC-FDMA is also called DFT-S-OFDM which 
indicates that it can be understood as a precoding (by Discrete Fourier transform) plus the 
same OFDMA that is used in downlink; 

 

Figure 1.4 – Multiple Access Methods [1]. 

• to support transmission in paired and unpaired spectrum, two duplex modes are supported: 
FDD, supporting full duplex and half duplex operation, and TDD. Frequency Division 
Multiplexing extends the concept of single carrier modulation by using multiple subcarriers 
within the same single channel. The total data rate is divided between various subcarriers. 
The data is not needed to be divided evenly nor they have to originate from the same 
information source. Different modulation schemes can be used for each data, and this is the 
advantage of FDD over single carrier modulation. The FDD LTE frequency bands are paired 
to allow simultaneous transmission on two frequencies. The TDD LTE bands are unpaired 
because the uplink and downlink share the same frequency, being time multiplexed (Figure 
1.5); 
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• while UMTS (at least FDD and 3,84Mbps TDD) used a channel bandwidth of 5MHz, LTE 
allows for six different channel bandwidths (1,4 / 3 / 5 / 10 / 15 / 20 MHz). UMTS/UTRA as 
well as LTE/E-UTRA use both a 10 ms radio frame, both have FDD and TDD modes and 
LTE/E-UTRA supports full interoperability with UMTS/UTRA and GSM/GERAN/EDGE. 

• signals (logical) are defined as reference signals, primary and secondary synchronization 
signals, resynchronization signals, wake-up signals, and discovery signals. The modulation 
schemes supported in the uplink, depending on the type of operation are, π/2 BPSK, π/4 
QPSK, QPSK, 16QAM, 64QAM and 256QAM, in the downlink, QPSK, 16QAM, 64QAM, 
256QAM and 1024QAM, in the sidelink, QPSK, 16QAM and 64QAM; 

• MIMO was introduced into 4G LTE to improve the signal performance. LTE MIMO adds 
complexity to the system, but it is able to provide significant improvements in performance 
and spectral efficiency. 

 

Figure 1.5 – LTE FDD and LTE TDD [8]. 

Generally, the radio interface is layered into three protocol layers: 

• the physical layer; 

• the data link layer; 

• network layer. 

The physical layer performs the following main functions: 

• macrodiversity distribution/combining and soft handover execution; 

• error detection on transport channels and indication to higher layers; 

• FEC encoding/decoding and interleaving/deinterleaving of transport channels; 

• multiplexing of transport channels and demultiplexing of coded composite transport 
channels; 

• rate matching; 

• mapping of coded composite transport channels on physical channels; 

• power weighting and combining of physical channels; 

• modulation and spreading/demodulation and despreading of physical channels; 
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• frequency and time (chip, bit, slot, frame) synchronization; 

• measurements and indication to higher layers (interference power, transmit power, etc.); 

• closed-loop power control; 

• RF processing; 

• support of timing advance on uplink channels (TDD only); 

• support of Uplink Synchronisation (TDD only). 

 
The physical layer in 4G, as shown in Figure 1.6, is defined in a bandwidth agnostic way based on 
resource blocks (RBs). This allows adaptation to various spectrum allocations, that are articulately 
described in 3GPP specifications: “A resource block spans either 12 sub-carriers with a sub-carrier 
bandwidth of 15 kHz or 24 sub-carriers with a sub-carrier bandwidth of 7.5 kHz or 72 sub-carriers 
with a sub-carrier bandwidth of 2.5 kHz, each over a slot duration of 0.5 ms, or 144 sub-carriers with a 
sub-carrier bandwidth of 1.25 kHz over a slot duration of 1 ms, or 486 sub-carriers with a sub-carrier 
bandwidth of approximately 0.37 kHz over a slot duration of 3 ms. Narrowband operation is also 
defined, whereby certain User Equipment (UE) may operate using a maximum transmission and 
reception bandwidth of 6 contiguous RBs within the total system bandwidth; for narrowband 
operation, sub-resource-block operation may also be used in the uplink, using 2, 3 or 6 sub-carriers”. 

 

Figure 1.6 – Resource blocks [9]. 

The proposals for additional spectrum for IMT systems (in 450 MHz band, in Ultra High 
Frequency (UHF) band (698 ÷ 960 MHz), in the 2.3 ÷ 2.4 GHz band, in C-band (3400 ÷ 4200 MHz)) and 
the general request for an advanced radio interface triggered further developments of the fourth 
generation of mobile communication systems. To support a Multimedia Broadcast and Multicast 
Service (MBMS), LTE offers the possibility to transmit Multicast/Broadcast over a Single Frequency 
Network (MBSFN), where a time-synchronized common waveform is transmitted from multiple cells 
for a given duration. 

Finally, transmission with MIMO antennas is supported with configurations which allow for 
multi-layer downlink transmissions and beamforming in both horizontal and vertical dimensions, 
where a single code word is transmitted over a single spatial layer. Moreover, multi-layer uplink 
transmissions with up to four streams are supported in the uplink and Multi-user MIMO, i.e., 
allocation of different spatial streams to different users is supported in both UL and DL. 
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1.3 5G technology 

The fifth generation of cellular network technology represent the latest evolution of 
communication systems and was introduced late 2018, according to the 5G NR technology standard 
set by the 3GPP consortium. Like 4G, it is an IP-based technology offering increased bandwidth 
(download speeds up to 10 Gbit/s), lower latency, ability to handle a larger number of simultaneous 
connected devices, and improved machine-to-machine support. Moreover, 5G NR is applied for FDD 
in the 700 MHz band (uplink: 703 MHz ÷ 733 MHz; downlink: 758 MHz ÷ 788 MHz) and for TDD in 
the 3.5 GHz band (3.3 GHz ÷ 3.8 GHz) and the 26 GHz band (26.5 GHz ÷ 29.5 GHz). Frequencies 
below 7.125 GHz are collectively called Frequency Range 1 (FR1), whereas above 24.250 GHz are 
named Frequency Range 2 (FR2). 

However, in addition to what has just been said, it is important to clarify that the 5G NR 
technology standard does not merely ensure an increase in bandwidth or a reduction in latency 
compared to 4G technology. Indeed, 5G technology has introduced new solutions in terms of 
standards (frame duration, power allocation, etc.) and a completely new concept for managing 
radiation distribution (beamforming, power control). More precisely, one of the major innovations 
introduced by 5G NR technology is the use of Active Antenna System (AAS), instead of Passive 
Antenna System (PAS) as done in previous technologies, that generates one or more specific beams 
capable of directing flows of information towards service requests, manages the interference by 
spatially decoupling beams towards specific users and/or generates nulls of the radiation pattern 
towards specific directions, optimizes power management and therefore can provide very high 
performance even on cell border. More specifically, AAS can use two different classes of radiation 
patterns: 

• broadcast radiation pattern(s), that define the coverage area where UEs can attach; 
• traffic radiation pattern(s), providing data connection over the coverage area once the UEs has 

completed the attachment procedure. 

In general, broadcast beam performance is different from traffic beam performance. Moreover, unlike 
PAS, broadcast radiation pattern can change over time. In fact, by using the sweeping broadcast 
beams approach, the coverage area is divided into sub-areas each one covered by a specific beam and 
the set of beams is periodically swept to scan the whole coverage area. The radiating system is then 
capable of knowing the position of users and then can provide service by generating dedicated traffic 
beams in the specific direction. The ability to generate service beams based on user’s distribution 
makes the traffic coverage time variant, with variable spatial characteristics and time duration based 
on service requirements. Therefore, radio traffic coverage is no longer static and stable over time, as 
for technologies prior 5G, but changes with randomness as users’ distribution is. 

The high performances that 5G services aims to achieve, in addition to the use of AAS, has also 
required changes to the signal standards in terms of frame structure, physical channel and physical 
signal. A detailed description of 5G signal standards with respect to frame structure, physical channel 
and physical signal will be provided in the following section. 
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1.4 5G signal standard 

5G NR specifies a new air interface to enable higher data throughput and low- latency use cases. 
Key to enabling higher data throughput is the addition of mmWave spectrum up to 52.6 GHz. At 
these higher frequencies, more contiguous spectrum is available to send more data through the 
channel. Release 15 of standard by 3GPP specifies a maximum carrier bandwidth up to 400 MHz and 
up to 16 component carriers that, when aggregated, add up to 800 MHz of bandwidth. Also, flexibility 
and scalability in the slot structure help support the many new and diverse use cases expected in 5G. 

In 5G NR, cyclic prefix orthogonal frequency division multiplex (CP-OFDM) is the modulation 
format (or waveform) in the DL and UL. CP-OFDM use is well-known for DL transmissions, but it is 
new for UL transmissions in mobile. Having the same waveform in both UL and DL enables easier 
device-to-device communication.  

Unlike 4G, NR allows for scalable OFDM numerology (µ) where the subcarrier spacings are no 
longer fixed to 15 kHz. With NR, subcarrier spacing scales by 2𝜇𝜇 × 15 kHz to cover different services. 
Lower frequency bands use 15, 30, and 60 kHz subcarrier spacings, and higher frequency bands use 
60, 120, and 240 kHz subcarrier spacings. Scalable numerology enables scalable slot duration to 
optimize for different service levels in throughput, latency, or reliability. Larger subcarrier spacing at 
higher frequencies also helps with the robustness of the waveform since integrated phase noise is an 
issue in mmWave designs. Figure 1.7 shows how the different subcarrier spacings and the 
transmission time interval associated with each scales the size of the slot. 

 

Figure 1.7 – Relationship between subcarrier spacings and time durations [1]. 

Ultra-Reliable Low Latency Communication (URLLC) is one of three primary 5G use cases and is 
achieved partially through mini-slots. In LTE, transmissions adhere to the standard slot boundaries, 
but they are not optimized for minimal latency. A standard slot has 14 OFDM symbols, shown in dark 
blue in Figure 1.7, and as the subcarrier spacing increases, the slot duration decreases, as shown in 
light blue. A mini-slot is shorter in duration than a standard slot and located anywhere within the slot. 
A mini-slot is 2, 4, or 7 OFDM symbols long. Mini-slots provide low-latency payloads with an 
immediate start time without the need to wait for the start of a slot boundary (Figure 1.8). 
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Figure 1.8 – Slots and mini-slots within a subframe and their associated slot duration time [1]. 

NR subframe structure also allows for dynamic assignments of the OFDM symbol link direction 
and control within the same subframe. By using this dynamic TDD mechanism, the network 
dynamically balances UL and DL traffic requirements and includes control and acknowledgment all 
in the same subframe. The slot format indicator denotes whether a given OFDM symbol in a slot is 
used for UL or DL, or if it is flexible. 

In LTE, carriers are narrower in bandwidth (up to 20 MHz maximum) and when aggregated they 
create a wider channel bandwidth of up to 100 MHz. In 5G NR, the maximum carrier bandwidth is up 
to 100 MHz in FR1, and up to 400 MHz in FR2. New in 5G NR are bandwidth parts where the carrier 
is subdivided for different purposes. Each bandwidth part has its own numerology and is signalled 
independently. One carrier can have mixed numerologies to support a mixed level of services, such as 
power saving or multiplexing of numerologies and services in unlicensed bands. However, only one 
bandwidth part in the UL and one in the DL are active at a given time. Bandwidth parts will support 
legacy 4G devices with new 5G devices on the same carrier. With 4G, 5G, and potentially Wi-Fi 
multiplexing services, it is necessary to minimize both in-band and out-of-band emissions. 
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1.4.1 5G frame structure 
The frame structure has been conceived to obtain high energy efficiency, and NR avoids as much 

as possible ‘‘always on air’’ signals. Consequently, the fundamental pieces of information that are 
required by the UE for initial connection to the cell are “packed” in a very compact structure, called 
the Synchronization Signal / Physical Broadcast Channel (SS/PBCH), or ‘‘SS Block’’ (SSB), that includes 
the Synchronization Signals (SS), the PBCH and the Physical Broadcast Channel Demodulation 
Reference Signal (PBCH-DMRS). SSB is mapped into 4 OFDM symbols in the time domain and 240 
contiguous subcarriers (20 RBs) in the frequency domain (Figure 1.9): 

 

Figure 1.9 – Synchronization Signal Block (SSB) in 5G NR [1]. 

SSBs are grouped in block patterns called SS bursts. There are 5 block patterns which have 
different subcarrier spacings and are applicable for different carrier frequencies: 

• Case A (15 kHz subcarrier spacing); 

• Case B (30 kHz subcarrier spacing); 

• Case C (30 kHz subcarrier spacing); 

• Case D (120 kHz subcarrier spacing); 

• Case E (240 kHz subcarrier spacing). 

The maximum number of SSBs in a single burst is frequency dependent, and ranges from 4 to 8 in FR1 
to up to 64 blocks per burst in FR2. Each SSB in a SS Burst is associated to a different beam of the grid 
of broadcast beams. The other signals are transmitted when required. They are usually transmitted on 
traffic beams and are ‘‘user-dependent’’. 5G uses a sophisticated signalling structure. In the following, 
the discussion will be limited on the physical channels and signals associated to downlink connection. 
The choice of the beam (broadcast or traffic) on which the signals are transmitted is generally left to 
the vendor decision. In the following the most common choices are indicated. 

1.4.2 Physical channels 
The Physical Channels defined in downlink are (Figure 1.10): 

• the Physical Broadcast Channel (PBCH); 
• the Physical Downlink Shared Channel (PDSCH); 
• the Physical Downlink Control Channel (PDCCH). 
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Figure 1.10 – 5G NR downlink channel mapping. 

Each Physical Channel has its own Demodulation Reference Signal (DMRS) for channel estimation 
and equalization, as discussed in the following. 

Physical Broadcast Channel (PBCH): PBCH carries basic system information required to access the 
network, and in particular the Master Information Block (MIB). The PBCH is transmitted using QPSK 
in the SS-PBCH blocks with its own demodulation reference signal using broadcast beams. NR 
supports only one antenna port-based transmission for PBCH data in order to avoid blind decoding. 

Physical Downlink Control Channel (PDCCH): The PDCCH provides scheduling decisions 
necessary for the reception of PDSCH, as well as special purposes such as slot format indication and 
power control. The information carried by the PDCCH is referred to as Downlink Control Information 
(DCI). PDCCH is transmitted in a CORESET (COntrol REsource SET) using QPSK modulation. A 
CORESET is a set of RBs which has varying time and frequency domain length. In time domain it may 
occupy 1, 2 or 3 OFDM symbols whereas in frequency domain it is a multiple of one RB (12 
subcarriers). A CORESET defines a resource where UE specific scheduling information can occur. 
PDCCH has its own PDCCH-DMRS signal and is transmitted on traffic beams. 

Physical Downlink Shared Channel (PDSCH): This is the main channel used for data transmission, 
paging information, some parts of system information and also random-access response message. It 
decodes DCI from PDCCH which provides the necessary information to decode data in PDSCH. The 
frequency resource allocation is organized in RBs, with flexible modulation schemes selected on the 
basis of the Signal to Noise Ratio (SNR). PDSCH has its own PDSCH-DMRS signal and is transmitted 
on traffic beams. 

1.4.3 Physical signals 
Physical channels carry information originating from the higher layers. In addition, 5G NR 

defines additional physical signals that do not carry information from higher layers, but are used for 
functionalities like synchronization, channel estimation, tracking and beam identification. The 
physical signals defined in downlink are: 

• the Primary Synchronization Signal (PSS) and Secondary Synchronization Signal (SSS); 
• the Physical Broadcast Channel Demodulation Reference Signal (PBCH-DMRS); 
• the Physical Download Control Channel Demodulation Reference Signal (PDCCH-DMRS); 
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• the Physical Download Shared Channel Demodulation Reference Signal (PDSCH-DMRS); 
• Phase Tracking Reference Signal (PTRS); 
• the Channel-state Information reference signal (CSI-RS). 

Primary Synchronization Signal and Secondary Synchronization Signal (PSS, SSS): PSS and SSS 
play a key role in synchronization and cell search. PSS helps to achieve subframe, slot and symbol 
synchronization in the time domain, identify the centre of the channel bandwidth in the frequency 
domain and deduce a pointer to 1 of 3 Physical layer Cell Identities (PCI). SSS helps to achieve radio 
frame synchronization and deduce a pointer to 1 of 168 Physical layer Cell Identity (PCI) groups. PSS 
and SSS are transmitted in the SS-PBCH block using BPSK constellation on broadcast beams with 
constant power, so they are suitable as reference signals. SSS has been proposed as reference signal in 
[10]. 

Physical Broadcast Channel-Demodulation Reference Signal (PBCH-DMRS): PBCH-DMRS is a 
special type of physical layer signal used as reference signal for decoding PBCH. PBCH-DMRS is 
transmitted in the SS-PBCH block using broadcast beams with constant power and is transmitted also 
in absence of users. It is one of the signals proposed as reference in MPE techniques [11]. 

Physical Downlink Control Channel-Demodulation Reference Signal (PDCCH-DMRS): PDCCH-
DMRS is a special type of physical layer signal used as reference signal for decoding PDCCH. It is 
transmitted together with the PDCCH in a CORESET using traffic beams. NR considers the possibility 
of a power boosting factor for the PDCCH-DMRS. In particular 3GPP defines the βPDCCH DMRS 
factor as the ratio between PDCCH Energy per Resource Element (EPRE) and PDCCH-DMRS EPRE. 

Physical Downlink Shared Channel-Demodulation Reference Signal (PDSCH-DMRS): PDSCH-
DMRS has a ‘double role’ in PDSCH decoding. In fact, NR assumes that precoding is used for data. 
PSDSCH-DMRS is transmitted on traffic beams using the same precoding of the data, allowing to 
estimate both the response of the propagation channel and the precoding. The position of the PDSCH-
DMRS is characterized by a high degree of flexibility in order to match the characteristics of the 
communication channel and of the user application. In particular, PDSCH-DMRS is mapped in 
PDSCH RB according to Mapping Type A or B and Configuration Type 1 or 2. The Mapping Type A 
or B defines the mapping location in the slot. In Type A the DRMS allocation is in the symbol 2 or 3, 
while in Type B the DMRS is allocated in the first symbol of PDSCH allocation and is used when the 
PDSCH covers only a part of the slot, allowing a fast demodulation of the data required for low 
latency applications. The DMRS Configuration Type 1 or 2 specifies the density of the DRMS. Type 1 
is denser in frequency, while Type 2 supports a larger number of orthogonal DMRS sequences, 
required to handle a large number of MIMO layers as in MU-MIMO. 

The minimum number of DMRS symbols per slot is 1, but it is possible to add up to 3 additional 
DMRS symbols per slots to handle critical synchronization scenarios as high-speed applications. In 
case of multiple layers transmission, DMRS uses different locations in frequency domain to allocate 
the ports. Two orthogonal pseudo-noise sequences are used to map two antenna ports on the same 
frequency, allowing to half the number of frequencies. Each symbol can be associated to two different 
codes, and DMRS can be allocated in a single symbol or in a double symbols’ configuration. 
Consequently, Type 1 can support only up to 4 orthogonal signals for single symbol DMRS, or 8 
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orthogonal symbols for double symbols, while Type 2 supports up to 6 orthogonal signals for each 
DMRS symbol, or 16 in double symbols configuration. 

Finally, NR considers the possibility of a power boosting factor associated to the EPRE. In particular 
3GPP defines the βDMRS factor as the ratio between PDSCH EPRE and DMRS EPRE. 

Phase Tracking Reference Signals (PTRS): PTRS can be optionally used in PDSCH channel for 
compensating the phase noise and is particularly important in FR2, where phase noise is an important 
problem. It is sparser in frequency and denser in time as compared to DMRS. 5G introduces a power 
boosting factor associated to the EPRE. In particular 3GPP defines the βPTRS factor as the ratio 
between PTRS EPRE and PDSCH EPRE. 

Channel State Information-Reference Signal (CSI-RS): CSI-RS is used by the device to acquire 
information about the downlink channel. It is decoded by the device and sent as feedback to the base 
station as part of reports via PUSCH and PUCCH uplink channels. In particular, CSI reports consist of 
three parameters: RI (Rank Indicator), PMI (Precoding Matrix Index) and CQI (Channel Quality 
Information). The Rank Indicator indicates how many independent layers can be transmitted by the 
base station. The Precoding Matrix Indicator indicates what precoding matrix should be used by the 
transmitter for beam-forming on the base of a codebook of precoded matrices. Finally, CQI gives 
information on the quality of the communication channel. Based on the report, the base station 
optimizes various parameters like the number of transmission layers, modulation and coding scheme, 
and the pre-coding matrix to be used. The CSI report only provides suggestions, and the transmitter is 
free to decide whether to follow the recommendation included in the report. The CSI-RS resources can 
be allocated in three ways, namely in a periodic, semi-persistent or aperiodic basis. Semi-persistent is 
equivalent to periodic configuration, the only difference being that the activation and deactivation of 
CSI-RS transmission are controlled by MAC. Not all kinds of combinations among periodicity types 
for measurement and reporting are allowed. CSI-RS can have a frequency density equal to 1 in which 
case it will be transmitted in every RB for the full bandwidth, or density of 1/2 in which case it will be 
transmitted in alternate RBs. In a multi-port, the separation is achieved by modulating with different 
orthogonal codes, by separating in frequency, or by separating in time. The CSI-RS can be Non-Zero 
Power (NZP) or Zero Power (ZP, or Muted). The NZP REs are associated to a no-transmission 
condition. This allows to use the frequency-time resources associated to a ZP CSI-RS to estimate the 
interference level due for example to the presence of other cells active on the same bandwidth. 

Finally, there is also a third kind of CSI-RS with 3 subcarriers for each RB. This kind of CSI-RS is very 
dense in frequency and is used for the Tracking Reference Signal (TRS). On the contrary of the other 
CSI-RS transmissions, the TRS is single port. In practice, the high flexibility of CSI-RS allows to 
configure it for multiple purposes, as TRS, CSI acquisition, and beam management. 
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1.5 6G technology 

Although the rollout of 5G technologies has not yet been fully completed — especially with 
regard to technologies operating in FR2, which at present have virtually no deployment — research 
activities have already started on the sixth generation of mobile communications technologies aiming 
at a fully standardized set of specifications around year 2030. 

Obviously, in line with what has been observed in past transitions, the shift from 5G networks to 
6G ones should be accompanied by significant technical advancements. More precisely, it is expected 
that 6G networks will enable data rates on the order of 100 Gbit/s (approximately ten times the 
theoretical maximum speed achievable with 5G technology), with latency values below 100 µs. In 
addition, 6G will not simply be faster than 5G; in fact, even though it is still too early to clearly 
identify the complete set of new technologies for 6G, the ambition is to transform the network into an 
intelligent infrastructure, capable of integrating artificial intelligence, satellites, and terrestrial systems 
into a single digital architecture.  

In terms of frequency band allocations for 6G, with respect to some preliminary assessments 
carried out in accordance with the ITU-R IMT-2030 (International Telecommunication Union-
Radiocommunication sector for International Mobile Telecommunications for 2030) process (Figure 
1.11), the 7 GHz ÷ 24 GHz frequency range 3 (FR3) band is viewed as the most promising new 
spectrum [12]. More specifically, the 2023 World Radiocommunication Conference (WRC-23) 
designated the 6 GHz band in all ITU regions and set the agenda for the WRC-27. The new WRC cycle 
will prioritize the following frequency bands for IMT: 4400 MHz ÷ 4800 MHz, 7125 MHz ÷ 8400 MHz, 
and 14.8 GHz ÷ 15.35 GHz [12]. 

 

 

Figure 1.11 – Overview timeline for IMT towards the year 2030 and beyond [15]. 
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Obviously, considering that 6G will need to comply with, among others, fundamental 
requirements on sustainability and human-centricity, the EMF exposure topic is a key element to be 
considered in developing the next generation of mobile communication system. In that context, it is 
envisaged that the results obtained in this research project could be really promising in addressing 
EMF exposure assessment issues. In fact, the primary objective of this work is to provide a proof of 
concept for the development—using low-cost components—of a wearable device capable of assessing 
exposure levels to forthcoming 6G signals operating in the FR3 band. Based on these considerations, 
in the following chapters will therefore be described the theoretical aspects required to meet the 
primary objectives of this work, as well as the technical solutions adopted to design a wearable device 
capable of assessing exposure levels to EMF signals operating in the 14.8 GHz ÷ 15.35 GHz frequency 
band. 
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2 Chapter 2: Basics of EMF measurements 

The distinctive characteristics of the EMF signals employed in the various cellular 
communication technologies that have emerged over the past 30 years were analyzed in the previous 
chapter, with particular attention given to the description of the standards and signal characteristics 
used in the latest-generation 5G communication networks. In this chapter, instead, the main 
theoretical aspects related to EMF field measurements will be described. 

In fact, as already mentioned in Chapter 1, the primary objective of this research project is to 
provide a proof of concept regarding the design and the development, through the use of low-cost 
components, of a wearable device capable of assessing exposure levels to upcoming 6G signals 
operating in the FR3 frequency band. Clearly, in order to achieve the intended outcome and, in 
particular, to properly design the device of interest, the first step consists of conducting a careful 
review of the relevant literature in order to analyze the distinctive characteristics and the operating 
principles of the devices that are typically used to perform such measurements. This type of analysis 
is, in fact, useful for two main reasons: on the one hand, it allows the identification of interesting 
insights that may contribute to achieving the primary objectives of the present work; on the other 
hand, it provides the theoretical knowledge necessary for the correct use of the equipment normally 
employed to carry out the measurements of interest.  

The ability to properly use suitable instrumentation for performing measurements aimed at 
characterizing exposure levels to EMF signals will represent a crucial aspect for verifying the correct 
functionality of the device developed within the present work. Indeed, in order to validate the results 
obtained through the use of the proposed device it will be necessary to compare them with those 
obtained using appropriately calibrated commercial instrumentation, once the 6G network will be 
effectively deployed. Moreover, in order to ensure the achievement of the primary objectives of the 
present work, it is useful to analyze the guidelines developed by the Internation Commission on Non-
Ionizing Radiation Protection (ICNIRP) committee concerning human exposure to non-ionizing 
electromagnetic radiation. In fact, as will be discussed in greater detail in the following section, the 
ICNIRP recommendations define the procedures according to which measurements must be carried 
out in order to assess individuals’ exposure levels to the EMF signals of interest within the scope of 
this work. Furthermore, the aforementioned recommendations constitute the basis of the regulatory 
framework adopted, both at the National and at the European level, for the definition of the limit 
values for the physical quantities characterizing human exposure to EMFs at frequencies compatible 
with those of the signals considered in this research project. Therefore, as will be specified more 
clearly in the following sections, this analysis is of fundamental importance for the proper design of 
the device that is intended to be developed. 
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Accordingly, because of the considerations introduced above, in order to allow the reader to fully 
understand the reasons behind the design choices that have been made (that will be discussed in the 
Chapter 4), this chapter will be structured as follows: 

• The first two sections will focus on the description of the ICNIRP guidelines and the main 
regulatory references adopted, both at the National and European levels, concerning the 
protection of individuals from exposure to non-ionizing EMF radiation. This analysis, will 
make it possible to define the minimum field level that the device of interest must be able to 
detect and, consequently, as will be discussed in more detail in Chapter 4, it is essential for the 
proper design of the field sensors to be used in order to achieve the primary objectives of the 
present work, as well as for the selection of the different electronic components to be adopted 
for this purpose; 

• subsequently, the main types of devices that can be used to perform EMF level measurements 
will be described. Thanks to this analysis, in fact, it will be possible to identify, providing 
adequate justification, the device type that has been chosen to meet the primary objectives of 
this research project. 
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2.1 ICNIRP exposure guidelines 

As is well known, the different interaction mechanisms that may occur between EM radiations 
and material systems — such as polarization phenomena of atoms and/or molecules, induction of 
currents, and conversion of the kinetic energy of ions and particles into heat — essentially arise from 
energy transfer processes established between the physical agent (the EM field) and the material 
system with which it interacts. Clearly, the energy transfer phenomena just mentioned also occur 
when EM waves interact with biological systems, such as the human body. However, the effects 
produced by the inevitable interactions between EM radiations and biological systems strongly 
depend on the amount of energy that is effectively transferred from the EM field to the biological 
system itself. In other words, exposure of individuals to EM radiations does not necessarily lead to the 
occurrence of harmful health effects; for such effects to arise, in fact, the amount of energy absorbed as 
a result of the interaction with electromagnetic radiation must be sufficient to induce significant 
alterations in the individuals’ physiological condition. From this perspective, the first parameter to be 
considered when assessing the potential effects induced in individuals by exposure to EMFs is the EM 
waves’ frequency. Indeed, as is well known, according to the quantum interpretation of 
electromagnetic fields, the energy carried by the photons constituting the radiation, although 
quantized, is directly proportional to the frequency in accordance with the well-known Planck–Einstein 
relation [16]: 

𝐸𝐸 = ℎ𝑓𝑓 (2.1) 

 

where 𝑓𝑓 is the photons’ frequency (measured in Hz) and ℎ = 6.626 × 10−34 𝐽𝐽 ∙ 𝐻𝐻𝐻𝐻−1 is a fundamental 
physical constant known as Planck's constant. 

 

 

Figure 2.1 – Non-Ionizing and Ionizing radiation spectrum [17]. 
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More precisely, with reference to the electromagnetic spectrum (Figure 2.1), depending on whether or 
not the waves possess sufficient energy to ionize the atoms of the matter with which they interact, two 
different categories of electromagnetic radiations can be identified: 

• Non-Ionizing Radiations (NIR), which includes radio waves, microwaves, infrared radiation, 
visible light, and part of the ultraviolet spectrum; 

• Ionizing Radiations (IR), comprising the higher energy ultraviolet part of the electromagnetic 
spectrum, gamma rays and X-rays. 

In the following discussion, attention will be limited to the description of the recommendations given 
to prevent human exposure to NIR from causing harmful health effects. Indeed, as discussed in 
Chapter 1, the frequencies of the EMF signals considered within the scope of this research project are 
well below the frequency values required to induce ionization phenomena, which generally require 
energies greater than several tens of electronvolts (eV), corresponding to frequencies on the order of 
several hundreds of THz [18]. 

As previously stated, the guidelines concerning protection from human exposure to NIR are 
developed by a non-governmental organization, formally recognized by the World Health 
Organization (WHO), known as ICNIRP. More precisely, ICNIRP identifies, through a careful and 
periodic review of the relevant scientific literature, the harmful and scientifically substantiated effects 
resulting from exposure to RF-EMF; for each of these effects, the corresponding threshold exposure 
levels (i.e., the minimum exposure level capable of causing them) are then determined, and starting 
from these values, by adopting a conservative approach - i.e., by defining reduction factors that take 
into account the biological variability of individuals (for example, relating to age and sex), variations 
in basic conditions (such as, for example, tissues temperature), the dosimetric uncertainty associated 
with the determination of exposure values, and variations in environmental factors (for example, 
relating to humidity and temperature) - the so-called basic restrictions are defined, referring to 
physical quantities directly related to the adverse effects induced by EM radiation.  

The following section provides a detailed description of the adverse effects resulting from RF-
EMF exposure and of the corresponding threshold exposure levels used by ICNIRP to establish the 
basic restrictions for EMF exposure in the frequency range of interest for this research project.  
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2.1.1 Basic restrictions 
Figures 2.2 and 2.3 show the basic restrictions for EMF exposure from 100 kHz to 300 GHz 

defined in the latest edition of the guidelines provided by ICNIRP in 2020 [19]. 

 

Figure 2.2 – Basic restrictions for EMF exposure from 100 kHz to 300 GHz, for averaging intervals ≥6 min [19] 

 

Figure 2.3 – Basic restrictions for EMF exposure from 100 kHz to 10 MHz, for peak spatial values [19]. 

It is important to note that the guidelines differentiate between occupationally-exposed 
individuals and members of the general public. Occupationally-exposed individuals are defined as 
“adults who are exposed under controlled conditions associated with their occupational duties, 
trained to be aware of potential radiofrequency EMF risks and to employ appropriate harm-mitigation 
measures, and who have the sensory and behavioral capacity for such awareness and harm-mitigation 
response” [19]. The general public is defined as “individuals of all ages and of differing health 
statuses, which includes more vulnerable groups or individuals, and who may have no knowledge of 
or control over their exposure to EMFs” [19]. These differences suggest the need to include more 
stringent restrictions for the general public, as members of the general public would not be suitably 
trained to mitigate harm, or may not have the capacity to do so. This is exactly what happens in the 
ICNIRP guidelines; in fact, as shown in Figures 2.2 and 2.3, by applying different reduction factors on 
the threshold exposure levels for occupationally-exposed individuals and members of the general 
public, the generic public's basic restrictions are lower than the ones defined for the occupational 
exposed individuals.  

Furthermore, as shown in Figure 2.2, the physical quantities on which the basic restrictions are 
defined change depending on the frequency range examined. The reason for this is that as the 
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frequency varies, the interaction mechanisms between EM radiation and the biological systems 
exposed to it vary. It is well known, indeed, that when a biological body is exposed to RF-EMFs, some 
of the EMF’s power is reflected away from the body, and some is absorbed by it; this results in 
complex patterns of electromagnetic fields inside the body that are heavily dependent on the EMF 
characteristics as well as the physical properties and dimensions of the body itself. More precisely, the 
penetration depth of the field inside the body is given by the following equation [22]: 
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where 𝑐𝑐 ≅ 3 × 108 𝑚𝑚 ∙ 𝑠𝑠−1 is the speed of light, 𝑓𝑓 is the frequency (Hz), 𝜀𝜀0 = 8.854 × 10−12 𝐹𝐹 ∙ 𝑚𝑚−1 is 
the vacuum permittivity and 𝜀𝜀𝑟𝑟 and 𝜎𝜎 are the relative permittivity and the conductivity (S∙m-1) of the 
biological tissues through which the absorbed field propagates, respectively.  

 

Figure 2.4 – Penetration depth in biological tissues [23]. The curves for the “fat, bone and tissues with low water 
content” correspond to the minimum, average and maximum values of the conductivity ranges 
listed in [24]. 

As shown by Equation 2.2 and schematically illustrated in Figure 2.4, for any given values of 𝜀𝜀𝑟𝑟 and 𝜎𝜎, 
the penetration depth of the EMF inside the body increases as the frequency decreases. In particular, 
at sufficiently low frequencies, e.g. for frequencies between 100 kHz and 10 MHz, the penetration 
depth exceeds 10 cm (Figure 2.4) and the Electric Field inside the body can exert electrical forces that 
are sufficient to stimulate nerves; moreover, if it is strong and brief enough (as can be the case for 
pulsed low frequency EMFs), it can exert electrical forces that are sufficient to cause dielectric 
breakdown of biological membranes [25]. This explain why the ICNIRP basic restrictions for EMF 
exposure from 100 kHz to 10 MHz are given in terms of the amplitude of the Electric Field inside the 
body (referred to as induced Electric Field 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 in Figure 2.3). 
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In addition to the possible nerve stimulation and the potential biological membranes’ dielectric 
breakdown, the induced Electric Field in the body exerts a force on both polar molecules (mainly 
water molecules) and free moving charged particles such as electrons and ions. In both cases a portion 
of the EMF energy is converted to kinetic energy, forcing the polar molecules to rotate and charged 
particles to move as a current. As the polar molecules rotate and charged particles move, they 
typically interact with other polar molecules and charged particles, causing the kinetic energy to be 
converted to heat that can adversely affect health [19]. Indeed, if the body core temperature rises of 
more than 1 °C – 2 °C adverse health effects such as heat exhaustion and/or heat stroke could happen 
[26]. In addition to body core temperature rises, excessive localized heating (i.e., tissue temperatures 
greater than 41 °C – 43 °C) can cause pain and thermal damage with damage likelihood and severity 
increasing as a function of time [28][29], [30]. For these reasons, from a health risk perspective, it is 
important to quantify the amount of EMF energy absorbed by biological tissues, since this is largely 
responsible for the thermal effects just mentioned. 

To do what has just been said, it is possible to refer to the Specific energy Absorption Rate (SAR) 
that is defined as the power absorbed per mass of tissue [W∙kg-1]: 
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where 𝜎𝜎 is the sample electric conductivity [S∙m-1], 𝜌𝜌 is the mass density of the sample [kg∙m-3], and 𝑉𝑉 
is the volume of the considered sample [m3] respectively.  

Indeed, according to the definition given above (equation 2.3), the SAR is a measure of the rate at 
which EMF energy is absorbed per unit mass by a human body exposed to RF-EMF and, therefore, it 
can be used to predict the exposure conditions required to induce a given temperature in it. For 
example, recent theoretical modeling and generalization from experimental research across a range of 
species predicts that exposures resulting in a whole-body average SAR of approximately 6 W∙kg−1, 
within the 100 kHz to 6 GHz range, over at least a 1-hour interval under thermoneutral conditions is 
required to induce a 1 °C body core temperature rise in human adults [19].  

Based on the above considerations, the ICNIRP has thus adopted a conservative temperature rise 
value of 1 °C as the operational adverse health effect threshold and, always for conservative purposes, 
within the frequency range 100 kHz ÷ 300 GHz, uses 4 W kg−1 averaged over 30 min (to take into 
account the time it takes to reach a steady-state temperature), instead of 6 W∙kg−1, as the 
radiofrequency EMF exposure level corresponding to a body core temperature rise of 1 °C; by 
applying on the conservative value of 4 W kg−1 a reduction factor equal to 10 for the occupationally-
exposed individuals and equal to 50 for members of the general public, within the 100 kHz to 300 GHz 
range the basic restrictions for the whole-body SAR averaged over 30 minutes become equal to 0.4 W 
kg-1 and 0.08 W kg-1 for the occupational and the general public exposure scenario, respectively 
(Figure 2.2).  

However, from a health risk perspective, in addition to body core temperature rise, excessive 
localized heating must also be avoided. With respect to the possible harmful effects on health 
resulting from localized temperature rise, it is important to point out that the ICNIRP treat as 
potentially harmful the RF-EMF exposure that results in local temperatures of 41 °C or greater [19]. 
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Based on this assumption, since body temperature varies as a function of body regions, in order to 
avoid possible harmful effects on health resulting from localized temperature rise induced by RF-EMF 
exposure, it would be necessary to identify operational thresholds for adverse health effects for all the 
different kind of body tissues and set exposure restrictions for each of them. Clearly, such an approach 
would be extremely complex and is not feasible in practice. Therefore, in order to identify operational 
thresholds for local heat-induced health effects, ICNIRP has firstly classified tissues of major body 
regions into two different categories, based on their temperature under normal conditions [19]: 

• “Type-1” tissue, including all tissues in the upper arm, forearm, hand, thigh, leg, foot, pinna 
and the cornea, anterior chamber and iris of the eye, epidermal, dermal, fat, muscle, and bone 
tissue, for which the normothermal temperature is typically lower than 36 °C; 

• “Type-2” tissue, including all tissues in the head, eye, abdomen, back, thorax, and pelvis, 
except those defined as Type-1 tissue, for which the normothermal temperature is typically 
lower than 38.5 °C. 

Then, by adopting a value of 41 °C, for tissue temperature, as potentially harmful, ICNIRP decided to 
take a conservative approach and consider as operational thresholds for adverse health effects for 
local exposure RF-EMF induced temperature rises of 5 °C and 2 °C in Type-1 and Type-2 tissues, 
respectively. Finally, due to the difficulties of setting exposure restrictions as a function of the above 
tissue-type classification, as shown in Figure 2.2, ICNIRP opted to define two different “regions” and 
to sets separate exposure restrictions, where relevant, for these regions [19]: 

• Head and Torso, comprising the head, eye, pinna, abdomen, back, thorax and pelvis, which 
includes both Type-1 and Type-2 tissue; 

• Limbs, comprising the upper arm, forearm, hand, thigh, leg and foot, which only includes 
Type-1 tissue. 

Exposure levels have thus been determined for each of these regions such that they do not result 
in temperature rises of more than 5 °C and 2 °C, in Type-1 and Type-2 tissue, respectively. More 
specifically, within the 100 kHz to 6 GHz range, the guidelines take a SAR of 20 W kg−1, averaged over 
a 10 g cubic mass and 6-min interval, as the local exposure level corresponding to the operational 
adverse health effect threshold for the Head and Torso (5 °C inType-1 tissue and 2 °C in Type-2 
tissue), and a SAR of 40 W∙kg-1 averaged over a 10-g cubic mass and 6-min interval, as the local 
exposure level corresponding to the operational adverse health effect threshold for the Limbs of a 5°C 
rise in local temperature. A 10 g mass is used because, although there can initially be EMF-induced 
temperature heterogeneity within that mass, heat diffusion rapidly distributes the thermal energy to a 
much larger volume that is well-represented by a 10-g cubic mass [31]. Moreover, similarly to what 
has been discussed for whole-body exposure, in order to account for scientific uncertainty and 
differences in thermal physiology across the population, and in order to include more stringent 
restrictions for the general public (as members of the general public would not be suitably trained to 
mitigate harm), reduction factors of 2 and 10 are applied to the aforementioned values of 20 W kg−1 
and 40 W∙kg-1 to obtain the basic restrictions for local exposure of Head and Torso and Limbs for 
occupational and general public exposure, respectively (Figure 2.2). It is useful to note that reduction 
factors for local exposure are smaller than ones for whole-body exposure; this is mainly because the 
associated health effect is less serious medically [19].  
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Moreover, as shown in Figure 2.2, within the frequency range from 6 GHz to 300 GHz the basic 
restrictions for local exposure are no longer expressed in terms of SAR, but are instead provided in 
terms of another physical quantity denotes as Sab. This happens because within the 6 GHz to 300 GHz 
range, as EMF frequency increases, exposure of the body and the resultant heating becomes more 
superficial, and above about 6 GHz this heating occurs predominantly within the skin; therefore, the 
SAR averaged over a 10 g cubic mass, which includes deeper tissues, become less relevant to this 
frequency range. Conversely, the absorbed power density (Sab) provides a measure of the power 
absorbed in tissue that closely approximates the superficial temperature rise [32]. More precisely, Sab is 
defined in terms of the Poynting vector (S) by means of the following equation [19]: 
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where 𝑅𝑅𝑅𝑅(𝑋𝑋) and 𝑋𝑋∗ are the real part and complex conjugate of a complex value 𝑋𝑋 respectively, and 𝑑𝑑𝒔𝒔 
is the integral variable vector with its direction normal to the integral area A on the body surface. 

As can be noticed from the equation (2.4), Sab represents the Poynting vector flux per unit area 
through the body surface or, in other words, the electromagnetic energy absorbed by the body per 
unit surface and per unit time. Therefore, since the temperature rise resulting from RF-EMF exposure 
depends on the conversion of EM energy into heat, with the help of numerical simulations and 
appropriate thermal models (e.g. bioheat transfer equation) is it possible to analyze, for example, the 
relationship between the size of the area over which incident power density is averaged and the local 
peak temperature elevation [33], or the temperature increase associated with certain values of power 
density. More precisely, thanks to Monte Carlo simulations, it was found that an absorbed power 
density of approximately 200 W m−2 is required to produce the Type-1 tissue operational adverse 
health effect threshold of a 5 °C local temperature rise for frequencies between 6 GHz and 300 GHz 
[34]. Based on this result, the guidelines take an absorbed power density of 200 W m-2, averaged over 6 
min and a square 4 cm2 surface area of the body, as the local exposure corresponding to the 
operational adverse health effect threshold for both the Head and Torso and Limb regions. As with 
the local SAR restrictions, a reduction factor of 2 was applied to this exposure level for occupational 
exposure while a reduction factor of 10 was used for the general population exposure; as shown in 
Figure 2.2, this results in a basic restrictions of 100 W m−2 and 20 W m-2, both averaged over 6 min and 
a square 4 cm2 surface area of the body, for occupational exposure and the general population 
exposure, respectively. 

After understanding the rationale underlying the basic restrictions values provided to ensure the 
protection of individuals from exposure to NIR, to conclude the analysis of the guidelines provided by 
ICNIRP it is necessary to give a brief description of the so-called reference level; this will be the focus 
of the following section. 
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2.1.2 Reference level 
In the previous section, the ICNIRP basic restrictions for EMF exposure from 100 kHz to 300 GHz 

were examined. As has been seen, these restrictions are expressed in terms of physical quantities, such 
as SAR and absorbed power density, which depend on the distribution and the amplitude of the 
induced Electric Field inside the body as a result of exposure to RF-EMF. 

The purpose of the basic restrictions, in fact, is to limit tissues heating, caused by the conversion 
into heat of the EM energy absorbed following exposure to RF-EMF, in order to prevent harmful 
effects on human health. For this reason, the recommendations provided by ICNIRP are usually used 
by the governments of European Union member states (such as Italy) as the basis for defining national 
legislation regulating individuals’ exposure to RF-EMF. Therefore, the supervision of the 
electromagnetic fields generated by users of the frequency spectrum is often done by checking 
compliance with the basic restrictions provided by ICNIRP guidelines. 

Assessing compliance with the basic restrictions, however, is not at all simple in practice; the 
direct verification of compliance with the basic restrictions, indeed, would require a high-precision 
spatial measurement of the induced field in the body. For this reason, in order to provide a practical 
means for assessing compliance with the basic restrictions using quantities that are easier to measure, 
ICNIRP derived, from a combination of computational and measurement studies, the so-called 
reference levels for the unperturbed Root Mean Square (RMS) values of E-Field strength, H-Field 
strength and incident power density (S), that ensure compliance with the basic restrictions.  

Figures 2.5 and 2.6 shows, respectively, the reference levels defined in the latest release of 
ICNIRP guidelines (2020) for whole-body and local exposure to EMF from 100 kHz to 300 GHz [19]: 

 

Figure 2.5 – Reference levels for exposure, averaged over 30 min and the whole-body, to EMF from 100 kHz to 
300 GHz (unperturbed rms values) [19]. 
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Figure 2.6 – Reference levels for local exposure, averaged over 6 min, to EMF from 100 kHz to 300 GHz 
(unperturbed rms values) [19]. 

As already mentioned, the reference levels defined in the ICNIRP guidelines form the basis of the 
regulatory standards governing individuals’ exposure to RF-EMF, both at the National and European 
levels. The reason for this is quite simple and lies in the way they are defined: the reference levels, 
indeed, as afore mentioned, are nothing other than the maximum permissible values of E-field 
strength, H-field strength, and incident power density outside the human body that ensure that, even 
under worst-case exposure conditions (e.g. whole-body exposure to a uniform field distribution), the 
field induced within the body does not produce SAR or Sab values exceeding the basic restrictions; 
therefore, given the highly conservative nature of the reference levels, if they are not exceeded one can 
be confident that exposure to RF-EMF does not produce biological effects capable of harming human 
health. 

With regard to the above, however, an important clarification should be made from the outset: 
although the latest revision of the ICNIRP guidelines was published six years ago, and despite the 
Scientific Committee on Health, Environmental, and Emerging Risks (SCHEER) has recommended the 
European Council (EC) to revise the relevant directives in light of the latest available scientific 
evidence [35], the legislation currently in force in many European countries, including Italy, still refers 
to the recommendations set out in the previous edition of the ICNIRP guidelines, published in 1998. It 
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is, therefore, useful to examine the main differences between the reference levels defined in the 
ICNIRP (1998) and the ones defined in the ICNIRP (2020). 

Figure 2.7 provides a concise comparison between the whole-body average reference levels 
values for the general public defined in the ICNIRP (1998) guidelines [20] and those set out in the 
ICNIRP (2020) guidelines (Figure 2.5) [19]. 

 

Figure 2.7 – Whole-body average reference levels for the general public for the ICNIRP (1998) and ICNIRP (2020) 
guidelines, for the 100 kHz to 300 GHz frequency range [36]; It should be noted that, for the sake of 
simplicity, only the reference levels values for the E-field and power density are shown. The 
reference levels for the H-field exhibit a frequency dependence analogous to that of the E-field and, 
therefore, all the considerations made for the reference levels values for E-field also apply to those for 
H-Field. 

As shown in Figure 2.7, in the low frequency range (i.e., from 100 kHz to 30 MHz) the reference level 
values defined in the ICNIRP (1998) are very different from the ones defined in the ICNIRP (2020). 
This is due to the fact that for ICNIRP (1998) there was limited research available below 30 MHz to 
specify the reference levels and, accordingly, the reference levels were set very conservatively [36]. 
However, research has now clarified more accurately the relationships between the basic restrictions 
and the reference levels for both the E-Field and H-Fields, and, as it is known that higher reference 
level values are needed to reach the basic restrictions, ICNIRP (2020) has increased those reference 
levels accordingly. Moreover, while in the ICNIRP (1998) the reference levels for the E-Field and H-
Fields began to increase as the frequency decreased from 20 MHz onward, subsequent studies showed 
that, in order to ensure consistency with the basic restrictions for whole-body exposure, this increase 
should begin at 30 MHz [36]. Consequently, in the ICNIRP (2020), the reference level values for both 
the E-Field and H-Fields increase monotonically as the frequency decreases, starting from 30 MHz. 
Further, from Figure 2.7 can also be seen that ICNIRP (1998) allowed E-field and H-field to be used for 
whole-body average reference levels across the entire 100 kHz to 300 GHz frequency range. However, 
as E-field and H-field values do not always provide a good estimate of the basic restriction values 
above approximately 2 GHz, E-field and H-field values are not used in ICNIRP (2020) for whole-body 
reference levels above 2 GHz [19][36]. There are no differences, instead, between the ICNIRP (1998) 
and ICNIRP (2020) whole-body average reference level values for power density above 30 MHz. 
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Additionally, the rules for applying the reference levels differ between the two guidelines. ICNIRP 
(1998), indeed, did not specify separate reference level values for exposures in the far-field and near-
field zones, but instead allowed the far-field zone reference level values to be used for fields within 
the near-field zone. ICNIRP (2020), instead, as indicated by the annotations in Figure 2.5 and Figure 
2.6, set rules for the application of reference levels in the near-field, radiative near-field and far-field 
zones separately, in order to ensure that exposures within the near-field zone will not result in over-
exposure. Finally, the averaging time for the whole-body average reference levels has also been 
changed from 6 minutes in ICNIRP (1998) to 30 minutes in ICNIRP (2020), to better match the time 
taken for body core temperature to rise, and no local exposure reference levels were given in the 
ICNIRP (1998).  

Considerations analogous to those set out above, also apply to the reference levels for the 
occupational exposure scenario (Figure 2.8). 

 

Figure 2.8 – Whole-body average reference levels for workers for the ICNIRP (1998) and ICNIRP (2020) 
guidelines, for the 100 kHz to 300 GHz frequency range [36]. 

Obviously, at present it is not possible to predict when the EC will revise the relevant directives 
on the limitation of exposure to electromagnetic fields in light of the new recommendations issued by 
ICNIRP (2020), nor to foresee what impact these recommendations will have on the definition of the 
exposure limits to be adopted in the future national regulations, or on the procedures to be followed 
when measuring RF-EMF exposure levels for the purpose of verifying compliance with the relevant 
legal provisions; Indeed, the ICNIRP (2020) guidelines themselves state, for example, that, depending 
on inputs from technical standards bodies, the actual measurement times used to obtain an 
appropriate estimate of exposure quantities may be shorter than the averaging time suggested in the 
notes to Figures 2.5 and 2.6. For these reasons, therefore, the primary objectives of the present research 
project were pursued with reference to the legislation currently in force at the national level. The 
exposure limits laid down by the legislation adopted in Italy, will be presented in the following 
section. 



2. Basics of EMF measurements 

 

 
34 

2.2 Italian regulation on limiting public exposure to EMF 

As stated in the previous section, the regulatory framework currently in force within the 
European Union for the protection of individuals from exposure to RF-EMF in the frequency range 
from 100 kHz to 300 GHz, based on the Council Recommendation on the limitation of exposure of the 
general public to electromagnetic fields (1999/519/EC) and the Directive 2013/35/EU (concerning workers), 
relies on the recommendations set out in the ICNIRP (1998) guidelines. Both of them, in fact, fully 
adopt the ICNIRP (1998) recommendations and establish exposure limits (Table 2.1 and Table 2.2, 
respectively) which, within their respective areas of application, coincide with the reference levels 
suggested by ICNIRP (1998). 

 

Frequency  
Range 

E-Field  
Strength (V∙m-1) 

H-Field  
Strength (A∙m-1) 

B-Field 
(µT) 

Equivalent Plane Wave 
Power Density 

Seq (W∙m-2) 
0 ÷ 1 Hz ― 𝟑𝟑.𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟒𝟒 𝟒𝟒 × 𝟏𝟏𝟏𝟏𝟒𝟒 ― 
1 ÷ 8 Hz 10000 𝟑𝟑.𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟒𝟒/𝒇𝒇𝟐𝟐 𝟒𝟒 × 𝟏𝟏𝟏𝟏𝟒𝟒/𝒇𝒇𝟐𝟐 ― 
8 ÷ 25 Hz 10000 𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒/𝒇𝒇 𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓/𝒇𝒇 ― 

0.025 ÷ 0.8 kHz 𝟐𝟐𝟐𝟐𝟐𝟐/𝒇𝒇 𝟒𝟒/𝒇𝒇 𝟓𝟓/𝒇𝒇 ― 

0.8 ÷ 3 kHz 𝟐𝟐𝟐𝟐𝟐𝟐/𝒇𝒇 5 6.25 ― 
3 ÷ 150 kHz 87 5 6.25 ― 

0.15 ÷ 1 MHz 87 𝟎𝟎.𝟕𝟕𝟕𝟕/𝒇𝒇 𝟎𝟎.𝟗𝟗𝟗𝟗/𝒇𝒇 ― 

1 ÷ 10 MHz 𝟖𝟖𝟖𝟖/𝒇𝒇𝟏𝟏/𝟐𝟐 𝟎𝟎.𝟕𝟕𝟕𝟕/𝒇𝒇 𝟎𝟎.𝟗𝟗𝟗𝟗/𝒇𝒇 ― 
10 ÷ 400 MHz 28 0.073 0.092 2 

400 ÷ 2000 MHz 𝟏𝟏.𝟑𝟑𝟑𝟑𝟑𝟑𝒇𝒇𝟏𝟏/𝟐𝟐 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒇𝒇𝟏𝟏/𝟐𝟐 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒇𝒇𝟏𝟏/𝟐𝟐 𝒇𝒇/𝟐𝟐𝟐𝟐𝟐𝟐 

2 ÷ 300 GHz 61 0.16 0.20 10 

Table 2.1 – European Recommendation 1999/519/EC—Reference levels for electric, magnetic and electromagnetic 
fields (0 Hz to 300 GHz, unperturbed RMS values) [37]; note: f as indicated in the frequency column. 

 

Frequency  
Range 

E-Field  
Strength (V∙m-1) 

B-Field  
(µT) 

Power Density 
(W∙m-2) 

100 kHz ÷ 1 MHz 𝟔𝟔.𝟏𝟏 × 𝟏𝟏𝟏𝟏𝟐𝟐 𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟔𝟔/𝒇𝒇 ― 
1 MHz ÷ 10 MHz 𝟔𝟔.𝟏𝟏 × 𝟏𝟏𝟏𝟏𝟖𝟖/𝒇𝒇 𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟔𝟔/𝒇𝒇 ― 

10 MHz ÷ 400 MHz 61 0.2 ― 

400 MHz ÷ 2 GHz 𝟑𝟑 × 𝟏𝟏𝟏𝟏−𝟑𝟑𝒇𝒇𝟏𝟏/𝟐𝟐 𝟏𝟏 × 𝟏𝟏𝟏𝟏−𝟓𝟓𝒇𝒇𝟏𝟏/𝟐𝟐 ― 
2 GHz ÷ 6 GHz 𝟏𝟏.𝟒𝟒 × 𝟏𝟏𝟏𝟏𝟐𝟐 𝟒𝟒.𝟓𝟓 × 𝟏𝟏𝟏𝟏−𝟏𝟏 ― 

6 GHz ÷ 300 GHz 𝟏𝟏.𝟒𝟒 × 𝟏𝟏𝟏𝟏𝟐𝟐 𝟒𝟒.𝟓𝟓 × 𝟏𝟏𝟏𝟏−𝟏𝟏 50 

Table 2.2 – Action Levels (AL) for exposure to electric and magnetic fields from 100 kHz to 300 GHz [38]; note: f is 
the frequency expressed in hertz (Hz). 

In Italy, by contrast, the RF-EMF exposure limits (Table 2.3) established by the legislation 
currently in force are significantly more precautionary than those just shown, which, as noted, 
constitute the international reference framework on the subject.  
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Frequency  

Range 
E-Field  

Strength (V∙m-1) 
H-Field  

Strength (A∙m-1) 
Power Density 

(W∙m-2) 

Exposure Limits 
100 kHz ÷ 3 MHz 60 0.2 ― 

3 MHz ÷ 3 GHz 20 0.05 1 
3 GHz ÷ 300 GHz 40 0.01 4 

Attention Values 100 kHz ÷ 300 GHz 15 0.039 0.59 

Quality Objectives 100 kHz ÷ 300 GHz 15 0.039 0.59 

Table 2.3 – Exposure Limits, Attention Values and Quality Objectives for the protection of the public from 
exposure to electric, magnetic, and electromagnetic fields at frequencies between 100 kHz and 300 
GHz [39, 40]. 

Indeed, as shown in Table 2.3, the Italian legislature, through the Decree of the President of the 
Council of Ministers (DPCM) of 8th July 2003 [39] and its subsequent amendment [40], in addition to 
the Exposure Limits — which represent the values of electric, magnetic, and electromagnetic fields 
that must not be exceeded under any conditions of public exposure — has also established: 

• Attention Values, namely the values of electric, magnetic, and electromagnetic fields that 
must not be exceeded inside buildings intended for occupancy of no less than four hours per 
day, and in their associated outdoor areas usable as residential environments. These limits 
constitute an additional precautionary measure aimed at protecting against possible long-
term effects that may be associated with exposure to RF-EMFs; 

• Quality Objectives, which apply outdoors in intensively frequented areas, that aim to ensure 
the progressive minimization of exposure to electromagnetic fields. 

Since, as already emphasized, the exposure limits commonly adopted in most European countries 
are significantly higher than those laid down by Italian legislation, it was decided to refer to the latter 
for the achievement of the primary objectives of this research project. Indeed, by designing the device 
of interest so as to enable the detection of field levels consistent with the Quality Objectives (Table 2.3) 
established by Italian legislation, one can be confident that it will also be capable of fulfilling its 
function in contexts where less stringent exposure limits apply.  

However, identifying the minimum field levels to be detected is not, in itself, sufficient to fully 
achieve the intended objectives. Indeed, in order to properly design the device of interest, it is also 
necessary to consider the methodological framework in which it will have to operate. It is therefore 
useful to examine the protocols generally used to carry out EMF measurements, and the different 
types of instruments that may be employed for this purpose. This type of analysis, in fact, will make it 
possible to identify the type of device best suited to achieving the primary objectives of this research 
project and, consequentially, will be useful in selecting the hardware architecture to be employed for 
that purpose. 
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2.3 Standardized measurement protocols 

Measurements intended to verify compliance of exposure levels with the limits laid down by the 
regulations must necessarily be carried out using standardized procedures, defined by specific 
technical committees, capable of ensuring the reliability of the obtained results. 

With respect to EMF measurements, the European harmonized Standard (EN – European Norm, 
from the German name “Europäische Norm“) that defines the procedures for carrying out 
measurements aimed at verifying compliance with the exposure limits established by the applicable 
regulations is the EN:50413. Specifically, according to EN 50413, the measurement protocol to be 
adopted in order to perform EMF compliance measurements, may be outlined as follows [41]: 

• Identifications before the measurements: 
 determine the relevant EMF sources and their characteristics (e.g. frequency, power, 

modulation, radiation characteristics, operating and worst-case conditions); 
 determine possible relevant influences on the field, such as ground conductivity, 

presence of reflecting objects, etc.; 
 determine the location of the exposed persons and accessible areas; 
 determine the time of exposure (high frequency only); 
 make a rough assessment of the exposure to prevent overexposure of the person 

performing the measurement; 
 choose type of measurement (broadband o narrowband); 
 select the adequate measurement system in compliance with the characteristics of the 

relevant EMF source; 
 check the proper operation of the probe and measurement equipment; 

• Preliminary scan: 
 a preliminary scan may be performed to determine the distribution of the field; 
 the overall result of the scan shall be documented; 

• Detailed measurement: 
 selection of the measuring procedure; 
 the locations for a detailed scan should be chosen taking into account the preliminary 

scan results; 
 positioning the probes in accordance to the activities and the locations of the exposed 

persons (head, trunk, sit, stand); 
 define the conditions of the relevant EMF sources during the measuring; 
 perform a plausibility check on the measurements. 

In order to better clarify the rationale behind the standardized protocol just presented, it is useful 
to make a few observations. First of all, it is useful to emphasize that EMF compliance measurements 
must be done by qualified personnel; to make meaningful measurements, indeed, the behavior and 
the characteristics of the source of exposure shall be determined and the operation of the 
measurement equipment must be well known. Moreover, the expected emission characteristics of the 
source should be understood, and it should be confirmed that these matches the measurements’ 
results. 

In addition, the selection of the measurement points is crucial to the validity of the measurements 
themselves. Indeed, the selected points must be significant for a comprehensive assessment of the 
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electromagnetic impact produced by the installation under examination. Typically, a number of points 
are selected within an area of approximately 200 m radius around the installation site (beyond the 
field is considered negligible) on the basis of an analysis of the area map and an on-site inspection 
aimed at verifying the actual field conditions. Moreover, these points must be those most affected by 
the antenna lobes and normally occupied by, or accessible to, the general public (houses, rooftops and 
terraces, etc.). They must also be located away from reflective elements (such as railings or metal 
window frames), as well as from the operator, in order to obtain measurements of the theoretically 
unperturbed field. In fact, a high-frequency EMFs can induce surface currents on metallic objects, 
resulting in scattered wave that superimposes on the primary radiated field and reduces the overall 
accuracy of the measurement. Similarly, proximity effects of the observer, as well as others that may 
be in the vicinity of the probe, can influence the EMF being measured and, therefore, should be 
avoided; to prevent these effects, the personnel making the measurement and anyone else shall be 
sufficiently far from the meter and the measuring system (at least ten wavelengths) or the probe shall 
be set up on a non-conductive stand (e.g. wooden tripod) or supported using a non-conductive pole. 
Moreover, it is important to position the probe at least at three different heights, corresponding to the 
average height of children (1.1 m) and to the average trunk (1.5 m) and head (1.8 m) heights of adults. 

Another important observation concerns the type of measurement to be carried out. Indeed, there 
are two different types of measurements that may be performed: 

• Broadband measurements, carried out over a wide frequency range, and intended to estimate 
the overall EMF intensity, i.e., the Root Sum of the Square (RSS) of all contributions generated, 
at the measurement point, by all sources operating within the frequency range relevant to 
radioprotection regulations, such as broadcast stations (AM, FM, T-DAB, DVB-T) and mobile 
phone base stations (2G, 3G, 4G, and 5G); 

• Narrowband (or frequency-selective) measurements, conducted, at specific bands, in order 
to isolate and measure the individual contribution produced by a specific EMF source. 

It should be noted that broadband measurement is the appropriate method for identifying an actual 
exceedance of the exposure limits. Indeed, if such a measurement shows that, at a given point and 
over the time interval prescribed by the applicable regulations, the field value exceeds the prescribed 
limits, it may be concluded with certainty that the overall emission levels are not compliant with what 
established by law. The frequency-selective measurement, on the other hand, serve as a 
supplementary procedure, when broadband measurements exceed a predefined threshold (e.g. 0.1 
W∙m-2), to identify a potential exceedance of the limits [43]. Indeed, thanks to frequency-selective 
measurement it is possible to collect the incident power density within a designated frequency range. 
Using the measured value of specific, reference signals per technology, therefore, the maximum 
potential EMF level (i.e., the field level that would be produced under conditions in which all nearby 
sources are operating simultaneously, each at its maximum radiated power) at a particular location 
can be calculated based on extrapolation. 

Finally, in order to obtain reliable and repeatable results, the equipment (field meter and probe) 
used for the measurements must be certified, compliant with the relevant harmonized standards 
[42][44], and subject to periodic calibration procedures. More specifically, the measurement equipment 
should be designed for practical use in rough industrial environment and for outdoor use; in addition, 
the measurement device should employ at least an RMS detector, and should be designed.  
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2.4 Non-standardized measurement protocol in exposure assessment 
studies 

In the previous section, the standardized protocol to adopt for performing EMF level 
measurements aimed at verifying compliance with the exposure limits established by the legislation in 
force was presented. As is well known, however, EMF measurements are not used solely for 
compliance assessments; in fact, one may be interested in evaluating EMF levels in order to satisfy 
others highly interesting objectives in the research fields related to the assessment of the human 
exposure to EMFs, such as validating numerical models [45], tracking the evolution of exposure levels 
over time and comparing average exposure levels across different geographical regions [46], 
evaluating exposure levels among specific population segments [47], creating exposure heat maps for 
specific areas [48], and estimating realistic exposure levels [49]. For many of these purposes, the 
measurement techniques and the measurement devices typically employed for compliance testing are 
not the most suitable choices. This is due to a variety of factors, including the time required to perform 
the measurements of interest, the physical size of the high-performance measurement equipment 
typically used for compliance testing, and the very high expense needed to buy specialized 
measurement equipment. In many cases, in fact, measurements need to be conducted at multiple 
locations, individuals being tested must carry measuring devices without significant disruption to 
their daily routines, and/or measurements have to be performed continuously for extended periods in 
locations where delicate equipment could be at risk of damage or theft. Therefore, in order to address 
these issues, and also thanks to the widespread availability of low-cost electronic components with 
very good performance, custom devices have been developed over the last two decades whose 
primary purpose is to collect large amounts of data from which scientifically relevant conclusions can 
be drawn [50]. 

An analysis of the main characteristics of the custom devices mentioned above is undoubtedly 
valuable for the achievement of the primary objectives of the present work. As emphasized several 
times in the preceding sections, indeed, the main aim of the research project under consideration is to 
provide a proof of concept for the development of a low-cost wearable device for assessing exposure 
levels to future 6G signals operating in the FR3 band. In this respect, examining the main features of 
the aforementioned devices may provide useful insights for achieving the intended objective. This 
analysis, however, will be provided in the following section. Attention is now devoted to the brief 
description of the most common non-standardized measurement protocols made possible by the 
development and the adoption of the aforementioned low-cost devices [50]: 

2.4.1.1 Microenvironmental studies 

The objective of microenvironmental studies is to assess the electric field strength or exposure by 
studying multiple locations of a similar type [51] ÷ [57]. These types of locations or microenvironments 
(MEs), more precisely, are classified, according to the activities carried out within them, in categories 
such as home, workplace, indoor public spaces, shopping areas, and outdoor settings, and within 
these main categories, depending on the number of samples, further subdivisions can be defined (for 
instance for transport: waiting at railway station or waiting at bus stop). Other important levels 
defining the exposure level are time of day (night, morning, afternoon, evening, rush hour), season 
and type of area (rural, suburban, urban) [58][59]. For each microenvironment, repeated 
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measurements are carried out at multiple points or along predefined routes; such measurements are 
generally performed using wearable devices capable of assessing exposure, across different frequency 
bands, at a high rate (typically recording data every 3 s across all frequency bands). To obtain a 
representative measurement of exposure, a minimum of 15 min of data acquisition is required [60]. 
The fundamental idea underlying this type of study, therefore, is that individuals typically spend their 
daily routine across a sequence of microenvironments (e.g., home, street, workplace, supermarket, 
etc.). By characterizing the average exposure level associated with each of these environments, it is 
possible to estimate the individual’s overall average exposure throughout the course of a typical day. 

2.4.1.2 Survey studies 

The objective of survey studies is to evaluate individual exposure in specific population groups, 
defined according to characteristics such as age, residential area, and occupational category, with the 
aim of obtaining a representative estimate of personal exposure across the different population 
subgroups. [47]. From each subset, a select number of participants are chosen and provided with a 
portable and/or wearable measuring device. Participants are required to carry the measurement 
device with them for several days and maintain a diary of their activities [61]. Additionally, the 
measurement device often records GPS data [61]. Key requirements include the random selection of 
participants who are representative of their respective population subsets and ensuring that the 
participant sample size is sufficiently large [47]. 

2.4.1.3 Distributed sensor networks 

Distributed networks consisting of multiple sensor nodes (typically ranging from tens to 
hundreds of nodes) allow the monitoring of EMF exposure over a relatively large geographic area 
[48], [62] ÷ [69]. Unlike approaches focused on individual subjects or specific microenvironments, the 
distributed networks methodology is designed to characterize the spatial and temporal variability of 
exposure at the scale of neighborhoods, urban districts, or entire sections of a city. The sensor nodes, 
indeed, may be deployed either in fixed locations, including both indoor and outdoor public spaces, 
or mounted on moving platforms such as postal service cars [62], thereby forming either fixed or 
mobile monitoring networks [50]. Therefore, by collecting data over extended periods of time (ranging 
from weeks to years), these sensor networks make it possible to investigate the temporal progression 
of exposure levels, either within specific frequency bands or over the entire spectrum. Obviously, 
given the large number of nodes required for the deployment of distributed monitoring networks, 
together with the risk of damage or vandalism when such nodes are installed in public areas, they 
must be designed cost-effectively. 

 

As noted previously, the different kinds of studies described above have been enabled by the 
development of custom devices whose physical sizes and implementation costs are substantially 
lower than those of the high-end commercial equipment commonly used for RF-EMF measurements. 
For the sake of completeness, therefore, in the following section a brief description of the different 
types of instruments that may be employed for RF-EMF measurements will be given. 
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2.5 State-of-the-art RF-EMF measurement equipment 

In this section, in order to provide the reader with a clearer understanding of the design choices 
adopted to fulfil the primary objectives of the present work, which will be outlined in Chapter 4, the 
main classes of devices that can be employed for RF-EMF exposure assessment are briefly described. 
More specifically, on the basis of a careful review of the relevant literature, a concise overview of the 
main characteristics of high-end laboratory instrumentation, as well as user-developed devices and 
sensors, that have been employed in measurement campaigns documented in peer-reviewed 
publications is presented. 

2.5.1 High-end commercial instruments 

2.5.1.1 Spectrum Analyzers 

 

Figure 2.9 – Handheld Spectrum Analyzers (i) Rohde Swartz FPH series (ii) Keysight FieldFox series (iii) Aaronia 
HF series. 

The reference class of instruments employed for signal detection, demodulation and RF-EMF 
levels measurement across a large frequency spectrum and bandwidths is known as spectrum/signal 
analyzers (SAs). More specifically, as will be discussed in greater detail in Chapter 3, which presents 
the results of two different EMF measurement campaigns carried out using a handheld SA, a SA is a 
superheterodyne receiver architecture which is capable of analyzing the spectrum of the signals 
applied to its input by measuring the amplitude of the input signal as a function of frequency over the 
entire operating frequency range of the instrument. SAs can be broadly classified into two different 
categories: 

• swept-tuned SAs, which operate in the frequency domain, in which the spectrum is scanned 
by mixing the input signal with a variable-frequency sinusoidal signal, while a single fixed-
frequency filter progressively analyzes the signal one frequency at a time. Reducing the 
bandwidth of this filter allows a very high frequency resolution to be achieved. However, this 
comes at the expense of analysis speed, since the complete scanning of the signal requires a 
significantly longer time; 
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• real-time SAs (RTSA), which operate in the time domain, in which the input signal is 
partitioned into n sub-bands by means of n narrowband filters; within each sub-band, the 
signal is periodicized, and the discrete Fourier transform (DFT) is subsequently applied. These 
analyzers are particularly suitable for the analysis of modern 5G NR signals, whose time-
varying behavior, burst-like transmissions, and dynamic resource allocation make real-time 
observation especially advantageous. 

SAs provide best-in-class performance enabling frequency sweeping coverage up to 85 GHz, a 
sensitivity level, displayed average noise level (DANL), exceeding −160 dBm∙Hz-1 and provide 
analysis bandwidths larger than 8 GHz [50]. While an SA is typically designed by test and 
measurement equipment manufacturers as a versatile laboratory benchtop instrument, vendors often 
integrate a similar RF front-end and Digital Signal Processor (DSP) into specialized units which can be 
used for RF-EMF exposure assessments, known as network scanners [70] which often incorporates 
multiple channels to scan different frequency bands in parallel. 

2.5.1.2 Broadband Field meters 

A portable device for measuring the total electric-field strength or power density across a wide 
frequency range (ranging from hundreds of kHz up to a hundred GHz) is established by combining a 
broadband field meter with a triaxial electric field probe. Typically, the field meter display directly 
indicates the field measurement outcomes, such as the average level 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 over a specific averaging 
time, and occasionally the minimum and maximum values during that period [50]. Furthermore, 
advanced broadband field meters, like the Narda FieldMan [75], incorporate additional functionalities 
such as a built-in distance meter, compatibility with a smartphone application, and integration with a 
software platform [71]. 

       

Figure 2.10 – Narda FieldMan (left), Narda Probe EFD-0691 (center) and Wavecontrol Probe WPF6(right). 

Many probes, such as the Narda EFD-0691 [76], employ diode-based sensors characterized by a 
non-linear response depends on the strength of the measured signal. In this scenario, the sensor acts as 
RMS detector at lower field levels and transitions to a peak detector at higher field levels [50].  

In contrast, other probes utilize (t)RMS (true-RMS) thermocouple sensors, which provide a (t)RMS 
response [71]. However, this type of detector comes with a trade-off: it reduces sensitivity to 8 V∙m-1, 
and the dynamic range within the range of 30–40 dB [71]. It is worth noting that, for diode-based 
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probes, the dynamic range within the RMS domain is also typically limited to approximately 40 dB 
[50]. 

The sensitivity of broadband probes varies based on their type and the frequency range they 
cover. For diode-based probes used in the measurement of FR1 (such as the Narda EFD-0691 and the 
WaveControl WPF6 [77], both designed for the 100 kHz to 6 GHz frequency range), the sensitivity is 
typically at least 0.2 V∙m-1. In older systems with a range of 100 kHz to 3 GHz, the minimum 
sensitivity was 0.3 V∙m-1 [67]. For FR2-capable probes designed for very wide frequency ranges (e.g., 
the Narda EFD 9091 [78], which measures electric-field strength from 100 MHz to 90 GHz), the 
sensitivity is found to be at least 0.7 V∙m-1 [50]. 

Broadband probes have also been designed in-lab, mostly as small dipoles loaded with a 
Schottky diode [79] with similar characteristics as commercial probes (i.e., in terms of sensitivity, 
dynamic range, frequency range). Often, these probes were developed with the goal to implement 
them into low-cost, small, autonomous measurement devices. 

2.5.1.3 Area Monitors 

Closely related to broadband field meters are devices known as area monitors, such as the Narda 
AMB series and the Wavecontrol MonitEM system (Figure 2.11). 

Area monitors are designed for fully autonomous operation and are often equipped with features 
like solar panels, internal batteries, wireless connectivity, and automatic data transfer. In addition to a 
processing unit featuring a data logger, they include interchangeable field probes, which can be either 
broadband or tri-band/quad-band to distinguish between mobile telephone services. 

  

Figure 2.11 – Example of area monitors: Narda AMB 8059 (left) and Wavecontro MonitEM (right). 

It is worth mentioning that Narda also offers a selective area monitor capable of monitoring up to 
20 individually programmable frequency bands. Furthermore, both Narda and WaveControl offer 
versions of their area monitors designed for installation on vehicles. The broadband probes specially 
designed for area monitors exhibit similarities to those discussed for field meters. However, the tri-
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band/quad-band probes, as well as those used in selective area monitors, demonstrate significantly 
improved sensitivity, falling within the range of 0.01–0.05 V∙m-1 [50]. 

2.5.1.4 Commercial Exposimeter 

Exposimeters, also referred to as personal exposure meters (PEMs), are compact wearable devices 
specifically intended to assess personal exposure that can be used either by trained operators or, in 
some cases, by untrained volunteers [52]. Typically, these devices operate as passive objects, requiring 
no interaction with the body during measurements. Prior to measurement, the device is configured, 
and data is collected afterward.  

PEMs are usually designed to measure the incident E-field strength or power density, with a 
sampling rate that is often customizable by the user (with a typical range of 1 to 3 s), within specific 
RF bands which can range in FR1 bands from 1 MHz to 6 GHz, corresponding to various technologies. 
This approach, in particular, allows for the segregation of exposure sources from different 
technologies (e.g., Wi-Fi, 2G ÷ 5G) and different sources within these technologies (e.g., UL from user 
devices and DL from base stations, which may use different frequency bands) [50]. In addition to their 
band-selective capabilities, PEMs are commonly battery-powered and are therefore suitable for 
prolonged measurement sessions. Depending on the specific device and application, these sessions 
may last from a few hours to several days and, in some cases, even up to a week. The antennas 
employed in this type of device, moreover, may include monopole antennas or sets of multiple 
monopoles oriented in different directions to approach isotropy.  

Two prominent lines of commercial devices are commonly found: the ExpoM-RF (from Fields at 
Work) series and the EME-Spy series (designed by Microwave Vision Group). The most recent models 
in these lines are the ExpoM-RF 4 and the EME Spy Evolution, respectively (Figure 2.12).  

   

Figure 2.12 – Example of commercial Exposimeters: ExpoM-RF4 (left) and EME Spy Evolution (right). 

The ExpoM-RF 4 is capable of measuring at up to 25 customizable center frequencies, ranging 
from 50 MHz to 6 GHz, with bandwidth options of 35, 75, or 100 MHz. It allows users to set the 
maximum measurable field strength, though this affects sensitivity. The sensitivity for 6 V∙m-1 
measurements fall within the range of 0.005 to 0.010 V∙m-1, with variations across different 
frequencies. Users can also define the sample interval, with the shortest interval being 2 s for 10 
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frequency bands and up to 4 s for 25 bands. Notably, the ExpoM-RF 4 introduces a spectrum analyzer 
mode, distinguishing it from previous versions. Moreover, an important distinction of this latest 
version lies in the fact that the ExpoM-RF 3 only measured using (t)RMS with an integration time of 
0.3 s [50], while the ExpoM-RF 4 performs both (t)RMS and envelope peak field strength 
measurements simultaneously within a 50 ms time interval. The specific post-processing method to 
combine these two measurements into a single E-Field value is not specified, but this information may 
be available from the manufacturer. The device employs a triaxial isotropic antenna. 

The EME Spy Evolution, on the other hand, empowers users to monitor their choice of up to 20 
frequency bands from a selection of 74 fixed options, between 80 MHz and 6 GHz, covering broadcast, 
cellular (2G, 3G, 4G, 5G), Wi-Fi, & ISM frequency bands. The exact sensitivity is contingent on the 
specific frequency; more precisely, the sensitivity is equal to 0.05 V∙m-1 for frequency from 80 MHz to 
700 MHz and from 3 GHz to 6 GHz, and equal to 0.02 V∙m-1 for frequency between 700 MHz and 3 
GHz. Users can also define the sampling interval, with a minimum setting of 2 s. 

Finally, it is worth to point out that there are presently no commercially available PEMs designed 
for FR2. Additionally, it is worth noting that both of the commercial devices mentioned earlier are 
equipped with a GPS logger.  

2.5.2 Custom-developed instrument 

2.5.2.1 SDR-based Sensor Nodes 

Spectrum analyzers, which operate in the frequency domain, may encounter limitations due to 
the inherent trade-off between frequency and time resolution. These limitations can make it 
challenging to differentiate between various signals that share the same frequency band but occur at 
different time intervals, like 5G-TDD UL and DL signals [80], albeit it has been demonstrated that a 
trade-off is achievable in some cases [81]. 

In contrast, time domain instruments, such as RTSA and Software-Defined Radios (SDR), can 
overcome this frequency-related constraint. Between these two, SDRs are notable for their 
compactness, portability, and relatively lower cost in comparison to SAs and RTASs. As a result, SDRs 
could find application in large-scale deployments, such as sensor networks. 

An SDR is a flexible RF communication system that can be employed for both transmitting and 
receiving RF signals. It enables the implementation of physical components like filters, attenuators, 
amplifiers, synchronizers, modulators, demodulators, and detectors in a digital form, positioned as 
close as possible to the antenna [82],[83]. In this manner, the SDRs functionality is primarily dictated 
by software (e.g., utilizing GNU Radio), rather than hardware. This software-driven approach allows 
for dynamic adjustments to the SDRs operation and characteristics [82]. 

Examples of SDR-based measurement nodes can be found in e.g., [82] (development of a digital 
Fast Fourier Transform SA), [84], [85] (broadband field meter), [83] (measurement node for specific 
frequency bands), and [80], [86] (isotropic broadband field meter). 
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SDR Frequency Range Resolution 
(bit) 

Sample Rate 
(MSPS) 

Bandwidth 
(MHz) 

Open 
Source? 

Cost 
(€) Chipset 

Adalm 
Pluto 

325 MHz – 3.8 GHz 
(70 MHz – 6 GHz 

with software 
modification) 

12 61.44 20 yes 250 AD9363 

USRP E312 70 MHz – 6 GHz 12 61.44 56 no 6000 AD9361 
RTL-SDR 
Blog v3 

500 kHz – 1766 MHz 
22 MHz − 2.2 GHz 8 3.2 3.2 no 6000 RTL2832U 

HackRF 
One 1 MHz – 6 GHz 8 20 20 yes 370 MAX5864 

FreeSRP 
One 70 MHz – 6 GHz 12 61.44 56 yes 420 AD9364 

LimeSDR 100 kHz – 3.8 GHz 12 61.44 56 yes 300 LMS7002M 

BladeRF 
xA44 47 MHz – 6 GHz 12 61.44 56 no 540  

Table 2.4 – Technical specifications of commercially available SDRs. 

A variety of commercially available SDRs offer diverse performance levels and price ranges, as 
summarized in Table 2.4. While many of these devices are primarily designed for GPS or satellite 
transmission bands, some also cover the 5G FR1 frequency bands. Utilizing SDRs in measurement 
nodes offers the advantage of readily available hardware, simplifying field deployment. Additionally, 
certain compact SDRs, like the Adalm-Pluto (Figure 2.13), are pocket-sized and can be controlled via 
MATLAB or Python environments, making them well-suited for deployment as measurement nodes. 

 

Figure 2.13 – PCB of the Adalm-Pluto SDR from Analogue Devices. 

The Adalm-Pluto is an intriguing choice due to its appealing features [50]. Like all SDRs, it serves 
both as a transmitter (Tx) and receiver (Rx). As shown in Table 2.4, it features an AD9363 chipset with 
an initial frequency range of 325 MHz to 3.8 GHz, but it can be expanded to cover 70 MHz to 6 GHz 
with a simple adjustment. This adjustment essentially tricks the device into recognizing the AD9363 as 
if it was a AD9364 with extended capabilities.  

The Adalm-Pluto has a 12-bit Analog to Digital Converter (ADC) resolution, a detection limit of 
−98 dBm, and an impressive dynamic range exceeding 80 dB [83]. It supports the connection of two 
antennas, such as the example in [83] where a dual-band JCG401 antenna (covering frequencies from 
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828 MHz to 984 MHz and 1710 MHz to 2170 MHz) and a wideband W5150 antenna (ranging from 617 
MHz to 6000 MHz) were used. Furthermore, it has the capability to store in-phase and quadrature 
(IQ) samples (‘‘in-phase’’ and ‘‘quadrature’’ refer to two sinusoids that have the same frequency and 
are 90◦ out of phase). Alternatively, the software on the device allows for the conversion of IQ samples 
into another unit, specifically dBFS (decibels relative to full scale). Through software control, gain 
settings of up to 74.5 dB can be configured, either manually or using automatic gain control (AGC). 
When employing AGC, it is important to note that changes in the full-scale range necessitate device 
calibration with a known source to obtain meaningful physical values [80]. 

2.5.2.2 Hardware-based Compact Measurements Node 

To achieve accurate spatiotemporal RF-EMF exposure maps, a significant number of densely-
distributed sensors are necessary [62]. However, such an extensive sensor network is economically 
unfeasible with high-end, costly, and relatively bulky devices. As a solution, researchers are 
developing low-cost (priced below 300 €), compact, and energy-efficient sensor units tailored for 
specific FR1 frequency bands. These units are integral in establishing a continuous RF-EMF exposure 
monitoring system [62], [87] ÷ [89][90].  

For instance, a dedicated measurement node optimized for 5G applications, enabling 
measurements across the four frequency bands intended for use in the Netherlands, has been 
presented in [91].  

 

Figure 2.14 – Low-cost RF-EMF sensor nodes [50]: (a) S3R sensor node [83], WAVES sensor node [83], (c) low-
complexity dosimeter [87]. 

Figure 2.14 displays some examples of laboratory-built, budget-friendly RF-EMF sensor nodes. 
The S3R and WAVES sensor nodes utilize in-house designed narrowband planar half-wavelength 
dipole antennas for each frequency band [83], while the low-complexity dosimeter employs a printed 
PCB monopole antenna probe [87]. It is important to note that all low-cost sensor node antennas are 
linearly polarized and exhibit omnidirectional radiation patterns. 

Typically, these sensors can measure up to four frequency bands used by GSM, UMTS, LTE, 
and/or 5G NR for DL communications. In the design of these sensor nodes, band-pass filters are 
commonly employed for each band to suppress signals from neighboring and interfering bands. 
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Depending on the desired sensitivity level, a low noise amplifier (LNA) may be utilized to adjust the 
RF power level within the power detector’s dynamic range. There are two primary types of power 
detectors: logarithmic and (t)RMS. Logarithmic detectors convert the input RF power into a DC 
voltage that is directly proportional to the logarithm of the input, providing an output in dB. RMS 
detectors produce a DC output that is proportional to the RMS value of the signal. It is worth noting 
that using a (t)RMS detector is more accurate, as it takes into account the instantaneous values of the 
signal without assuming a specific waveform shape [50]. The dynamic range of power detectors 
typically falls within the range of 56 – 70 dB for FR1 frequencies. The DC output is then sampled with 
an ADC and is converted into a power level (dBm) using a lookup table within a standard 
microcontroller.  

Similarly, in [92] ÷ [94] cost-effective sensors for distributed EMF exposure assessment have been 
proposed. The sensors consist of three orthogonal dipole antennas, each featuring a diode detector to 
transform field values into a DC signal. Subsequently, with the use of an ADC and a microcontroller, 
these signals are converted into power or field values. It is worth noting that the sensors measure 
accurately within the frequency range of 200 – 5000 MHz [92]. 

All of the suggested EMF sensors are compact, budget-friendly, and user-friendly, requiring no 
specialized expertise for operation. 

2.5.2.3 Custom-build Exposimeters 

In response to the inherent measurement uncertainties associated with commercial exposimeters, 
an on-body Personal Distributed Exposimeter (PDE) has been proposed, featuring multiple 
measurement nodes [95]. Each node is seamlessly integrated onto a textile antenna feed plane 
equipped with patch antennas. The PDE takes the form of a wearable vest, featuring multiple nodes 
distributed across various pockets. This particular PDE was tailored for the GSM DL frequency band 
of 925 MHz – 960 MHz, employing a logarithmic RF power detector with an impressive dynamic 
range of 80 dB. The PDE was designed with modularity in mind, accommodating up to 11 frequency 
bands [95], [96]. Much like the sensors of the previous section, nodes consist of a band-pass filter, RF 
power detector, ADC, and a microcontroller. Figure 2.15 depicts the PDE antenna and the processing 
unit [50]. 

 

Figure 2.15 – The PDE consists of a number of distributed nodes with each (a) a textile patch antenna and (b) a 
processing unit [50]. 
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A similar design is employed for a drone-based RF exposure measurement system in [97]. 

In a related development, a PDE-helmet was introduced as part of a pilot project [51]. Based on 
simulations, it was determined that the human head experiences the least variation in E-fields and, 
consequently, the lowest measurement uncertainty. To capitalize on this, the PDE-helmet featured 
four monopoles positioned within a bicycle helmet in various orientations. This prototype also 
employed a diode-based RMS detector and was specifically designed for the 900 MHz GSM band. 

A system resembling a spectrum analyzer while retaining the key benefits of conventional 
exposimeters was proposed in [98]. This system operates by assessing the highest received power 
level through the use of a logarithmic detector. It operates across a spectrum spanning from 78 MHz 
to 6 GHz, employing 300 kHz resolution bandwidths within numerous narrow bands. This 
configuration enables the system to identify various sources of electromagnetic fields. Each 
measurement takes place at one-second intervals, corresponding to 46.22 μs per frequency point. The 
frequency range is covered by an array of five fractal antennas sourced from Fractus Antennas, based 
in Barcelona, Spain. These antennas possess a wide bandwidth and are comparatively compact in 
relation to other types of commercial antennas. Notably, the system has a dynamic range of 90 dB 
with RF input power ranging from −70 to 20 dBm with a 0.04 dB resolution. 

To date, only two research studies have been identified that detail the creation of custom-built 
measurement devices for evaluating RF-EMF exposure at frequencies within the FR2 range. These 
studies, documented in [99][100], introduced two distinct versions of a mm-Wave personal exposure 
meter (mm-PEM) designed to operate at 60 GHz. The initial version featured a limited set of wearable 
antennas designed for placement on a forearm [96]. These wearable antennas were based on a 
microstrip-fed four-patch single-layer antenna array originally developed for applications in body 
area networks (BANs) [101]. In the second study, the mm-PEM was specifically evaluated for its 
effectiveness in assessing exposure within indoor diffuse fields [100]. 

Based on the foregoing discussion, exposimeters may be regarded as ideal candidates for the 
implementation of the device of interest in the present work. Indeed, as shown above, their 
underlying architecture is relatively simple, as it essentially comprises a field sensor, a detector 
(preferably an RMS detector), and a DSP/microcontroller for the digitization of the acquired signals. 
Furthermore, at the frequencies relevant to the present research project, the overall dimensions of such 
devices can be made very compact. In fact, the physical size of the antennas remains relatively limited 
at these frequencies; consequently, by properly engineering the PCB forming the signal-processing 
unit of the device of interest, it is possible to develop wearable devices with dimensions small enough 
not to interfere with the users’ normal daily activities. This would allow the device to be worn for 
extended periods, which is a key requirement for performing exposure measurements that are truly 
representative of actual exposure conditions for signals which exhibit highly dynamic and time-
varying behavior, such as 5G NR and, probably, the forthcoming 6G signals. 
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3 Chapter 3: Reference measurement campaigns 

In the previous chapter, the measurement protocols for assessing RF-EMF exposure levels, 
together with the main characteristics of the different types of devices that can be employed for this 
purpose, were presented. In this chapter, attention is instead focused on a more detailed discussion of 
the operating principles of the SAs, that represent the main instrument class used for signal 
characterization, and on the main difficulties encountered in the measurement of 5G signals. The 
rationale for this analysis lies in the fact that, once 6G become effectively available, a calibration phase 
of the exposimeter discussed in this work will be required. This calibration procedure will need to be 
carried out both in the laboratory and in the real environment, using an SA as the reference 
instrument. Moreover, since it is reasonable to expect that the characterization of 6G signal levels will 
entail challenges similar to those already posed by 5G signals, examining the solutions currently 
adopted for the characterization of exposure levels associated with 5G signals is particularly useful, as 
such solutions may also be applied, at least in part, to the future characterization of 6G signals. 

3.1 Operating principles of spectrum analyzers 

The reference instruments for signal detection and RF-EMF level measurements over wide 
frequency ranges and bandwidths are SAs, i.e., superheterodyne receivers that analyze an input signal 
by measuring the amplitude of its spectral components as a function of frequency over the instrument 
operating range. SAs can be broadly classified into two main categories: 

• Swept-Tuned SAs, which operate in the frequency domain by progressively analyzing the 
signal one frequency at a time; 

• Real-Time SAs, Real-Time SAs, which operate in the time domain by processing the entire 
acquired signal bandwidth simultaneously. 

At present, high-end instruments marketed by the leading manufacturers (e.g., Keysight and 
Rohde & Schwarz) generally support both types of analysis within a single instrument. Therefore, 
before describing the two measurement campaigns presented in this chapter, it is useful, for the sake 
of completeness, to briefly review the operating principles of the two operating modes mentioned 
above. Indeed, although the measurement campaigns discussed in the following sections were carried 
out exclusively using conventional SA, it is still useful to recall the operating principles of RTSAs since 
they represent an important methodological reference for the characterization of radio signals with 
marked temporal dynamics, such as 5G and, in all likelihood, future 6G signals. This description will 
also help the reader to better understand the limitations of conventional SAs for the measurement of 
5G EMF levels, as well as the impact that the instrument’s operating parameters may have on the 
measurement results.  
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3.1.1 Superheterodyne swept-tuned SA 
To understand the operating principle of a superheterodyne swept-tuned SA, let us refer to the 

simplified block diagram shown in Figure 3.1 and assume that a signal with spectrum 𝑋𝑋(𝑓𝑓) is applied 
to the instrument input. 

 

Figure 3.1 – Typical swept-tuned SA architecture [102]. 

As shown in Figure 3.1, after passing through a preconditioning stage consisting of a variable 
attenuator and a filtering section, the input signal is mixed with a variable-frequency sinusoidal signal 
generated by a voltage-controlled local oscillator. In particular, as illustrated in Figure 3.2, this 
operation shifts the spectrum of the input signal 𝑋𝑋(𝑓𝑓), assumed to be upper-bounded by the frequency 
𝑓𝑓𝑚𝑚, by an amount equal to the frequency 𝑓𝑓𝐿𝐿𝐿𝐿 of the signal provided by the local oscillator, thus 
yielding at the mixer output a signal with spectrum 𝑌𝑌(𝑓𝑓) = 𝑋𝑋(𝑓𝑓 ± 𝑓𝑓𝐿𝐿𝐿𝐿). 

 

Figure 3.2 – Spectrum of the input signal, 𝑋𝑋(𝑓𝑓), and of the mixer output signal, 𝑌𝑌(𝑓𝑓). 

The converted signal 𝑌𝑌(𝑓𝑓) is then amplified and fed to a fixed intermediate-frequency (IF) band-
pass filter. Amplification of the signal at the mixer output is necessary to restore the original 
amplitude level of the signal present at the instrument input. Indeed, as previously stated, the input 
signal is attenuated and filtered in order to adjust the amplitude level and bandwidth of the signal 
applied to the mixer. This is necessary, in particular, to prevent damage to the mixer and to avoid 
distortion phenomena that may arise in the presence of high-level or wideband input signals, since the 
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mixer is a nonlinear device. However, in order to correctly display the amplitude of the spectral 
components of the signal at the device input, this attenuation must be compensated for. For this 
reason, a functional relationship is established between the RF attenuation block and the IF gain stage, 
so that the gain of the latter is automatically adjusted to compensate for any attenuation applied at the 
input. 

As already mentioned, after amplification, the mixer output is fed to a band-pass filter centered at 
the fixed intermediate frequency 𝑓𝑓𝐼𝐼𝐼𝐼. If 𝑓𝑓𝐼𝐼𝐼𝐼 is a frequency component present in the spectrum of the 
signal under analysis, the mixer output will contain the frequency components 𝑓𝑓𝐿𝐿𝐿𝐿 ± 𝑓𝑓𝐼𝐼𝐼𝐼. Since 𝑓𝑓𝐼𝐼𝐼𝐼 is 
always lower than the minimum frequency of the signal generated by the local oscillator, 𝑓𝑓𝐿𝐿𝐿𝐿_𝑚𝑚𝑚𝑚𝑚𝑚 , 
assuming high-side injection (i.e., 𝑓𝑓𝐿𝐿𝐿𝐿 > 𝑓𝑓𝐼𝐼𝐼𝐼) the only components of the input signal that can pass 
through the IF filter are those whose frequency 𝑓𝑓𝐼𝐼𝐼𝐼 is such that the difference 𝑓𝑓𝐿𝐿𝐿𝐿 − 𝑓𝑓𝐼𝐼𝐼𝐼 falls within the 
IF filter passband. Moreover, as shown in Figure 3.3, by varying linearly over time 𝑓𝑓𝐿𝐿𝐿𝐿, the 
aforementioned condition is satisfied sequentially for the different spectral components of the input 
signal. In this way, the output of the IF filter is a signal whose amplitude, as extracted by an envelope 
detector, represents the spectrum of the input signal. 

 

Figure 3.3 – Sweeping of the mixer output signal spectrum through the IF filter. 

The linear variation over time of the local oscillator frequency 𝑓𝑓𝐿𝐿𝐿𝐿, which, as previously 
discussed, makes it possible to shift the various spectral components of the input signal sequentially 
to the intermediate frequency 𝑓𝑓𝐼𝐼𝐼𝐼, is achieved by means of a sweep generator, i.e., a ramp-voltage 
generator (Figure 3.4) capable of producing a periodic voltage signal, referred to as a sawtooth signal 
because of its resemblance to the teeth of a saw blade, that increases linearly with time and then drops 
abruptly. Indeed, the local oscillator used in superheterodyne SA is a voltage-controlled oscillator, 
capable of generating at its output a sinusoidal signal whose frequency 𝑓𝑓𝐿𝐿𝐿𝐿 ∈ �𝑓𝑓𝐿𝐿𝐿𝐿_𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑓𝑓𝐿𝐿𝐿𝐿_𝑚𝑚𝑚𝑚𝑚𝑚� is 
proportional to the voltage of the signal applied to its input. 

 

Figure 3.4 – Example of ramp-voltage generator. 
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The considerations outlined above further emphasize the importance of properly conditioning 
the signal fed to the mixer in order to achieve accurate spectral analysis and to prevent unwanted 
input spectral components from giving rise to the so-called image-frequency problem. Indeed, any 
unwanted component at a frequency 𝑓𝑓𝐼𝐼𝐼𝐼 such that |𝑓𝑓𝐼𝐼𝐼𝐼 − 𝑓𝑓𝐿𝐿𝐿𝐿| = 𝑓𝑓𝐼𝐼𝐼𝐼 is converted to the same 
intermediate frequency as the signal of interest and may therefore pass through the IF filter, appearing 
on the instrument display as if it belonged to the portion of the spectrum under analysis. However, 
the filtering stage at the instrument input (Figure 3.1) limits the bandwidth of the signal applied to the 
mixer and thus prevents unwanted image-frequency components from being converted to the same 
intermediate frequency. A further disadvantage of the superheterodyne approach is that it measures 
the amplitude at only one frequency point at a time. This operating principle therefore relies on the 
assumption that at least one sweep can be completed without significant changes occurring in the 
signal under test. Consequently, the measurement is reliable only for relatively stable input signals. If 
the signal undergoes rapid variations, transient spectral events may occur and disappear before the 
sweep reaches the corresponding frequency region, and may therefore remain undetected (Figure 3.5). 
Therefore, in order to minimize the probability of missing transient events of this kind, the time 
required to complete a sweep over the desired frequency span should be kept as short as possible. 

 

Figure 3.5 – The Swept SA tunes across a series of frequency segments, often missing important transient events 
that occur outside the current sweep band highlighted in tan segment Fb on the right [102]. 

In this context, it is important to note that, as mentioned earlier, the IF filter has a fixed center 
frequency. Its bandwidth, referred to as the Resolution Bandwidth (RBW) because it determines the 
frequency resolution of the instrument, i.e., its ability to distinguish between two tones that are closely 
spaced in frequency (Figure 3.6), is instead adjustable within a certain range in order to achieve the 
best trade-off between frequency resolution and sweep time. Indeed, a reduction in the RBW leads to 
an increase in the sweep time because a narrower IF filter, although providing better frequency 
resolution, exhibits a slower time-domain response. Since each spectral component remains within the 
filter passband only for a limited time interval during the sweep, this interval must be sufficiently 
long for the filter response to settle to its correct value in order for the measured amplitude to be 
accurate. Consequently, as the RBW decreases, the sweep speed must be reduced, resulting in a longer 
sweep time. 
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Figure 3.6 – Effect of RBW settings on the resolution of adjacent spectral components. 

In addition to the RBW, the other key parameters that define the performance of a swept-tuned 
spectrum analyzer are: 

• frequency range, defined as the range of input frequencies that can be analyzed by the 
instrument. This parameter is directly related to the characteristics of the local oscillator. In 
fact, the lower limit is constrained by the fact that, in order to enable operation at low 
frequencies, 𝑓𝑓𝐿𝐿𝐿𝐿_𝑚𝑚𝑚𝑚𝑚𝑚  must approach 𝑓𝑓𝐼𝐼𝐼𝐼. The upper limit, on the other hand, is determined by 
the maximum value that 𝑓𝑓𝐿𝐿𝐿𝐿 can reach; indeed, in the case of high-side injection, it is given by 
𝑓𝑓𝐼𝐼𝐼𝐼_𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑓𝑓𝐿𝐿𝐿𝐿_𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑓𝑓𝐼𝐼𝐼𝐼. In practice, this limit is also constrained by the operating bandwidth of 
the RF front-end and the mixer; 

• dynamic range, defined as the difference between the maximum and minimum signal levels 
that the instrument can measure simultaneously. It is mainly determined by the internal noise 
floor, the linearity of the RF front-end and mixer, and the level of internally generated 
distortion products; 

• sensitivity, defined as the minimum amplitude level that the input signal must have in order 
to be detected. It is mainly determined by the internal noise of the receiver, the noise figure of 
the input stages and the minimum achievable RBW. 

Finally, in order to complete the description of the operating principle of a swept-tuned spectrum 
analyzer, it is useful to provide a brief overview of the different measurement modes offered by the 
instrument: 

• Channel Power (CP): this is measurement mode is based on the evaluation of the total power 
associated with a specific channel and, in mathematical terms, it can be interpreted as the 
integral of the acquired spectrum over a given frequency interval, commonly referred to as the 
integration bandwidth. The value of the CP can be calculated from the acquired spectral 
traces by applying the following formula [103]: 
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where (Figure 3.7Figure 1.1) IBW is the integration bandwidth, 𝑃𝑃𝑖𝑖  (dBm) is the power value 
associated with the i-th of the N pixels falling within the IBW, 𝛼𝛼𝑖𝑖 is a correction parameter that 
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varies from pixel to pixel and accounts for the weighting introduced by any digital filters 
implemented in the instrument and employed during the measurement, and NBW, sometimes 
also referred to as the Equivalent Noise Bandwidth (ENBW), denotes the noise bandwidth of 
the IF filter used, i.e., the bandwidth of an ideal rectangular filter having the same area as the 
actual frequency response of the IF filter (in modern spectrum analyzers the ratio between 
NBW and RBW is typically close to unity). 

 

Figure 3.7 – Example of CP measurement. 

• Zero-span: this is a particular operating setting of the SA in which the instrument is 
effectively used as an oscilloscope. In this mode, indeed, the instrument provides the time 
evolution of the received power at a fixed frequency, integrated over the bandwidth identified 
by the selected RBW value (Figure 3.8). This capability is useful for analyzing modulation 
characteristics, such as pulsed measurements. 

 

Figure 3.8 – Example of zero-span measurement. 
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3.1.2 Real-time SA 

 

Figure 3.9 – Simplified Block Diagram of Real-Time SA [102]. 

As shown in the simplified block diagram of Figure 3.9, the basic architecture of an RTSA does 
not differ radically from that of the conventional swept-tuned SA discussed in the previous section, 
since both share the general superheterodyne receiver architecture. The fundamental difference 
between the two architectures lies in the way the spectrum of the signals applied at the instrument 
input is reconstructed. Indeed, as discussed in the previous section, a swept-tuned SA performs 
power-versus-frequency measurements (one frequency point at a time) by downconverting the signal 
of interest and sweeping it through the passband of a RBW filter; an RTSA, on the other hand, as will 
be discussed in the following, instead of sweeping across a range of frequencies, acquires at once the 
entire RF content within the band of interest and can therefore detect and analyze any signal occurring 
within that range. To better clarify what has just been mentioned, it is useful to examine how the 
functional blocks shown in Figure 3.9 process the signals applied at the instrument input. 

As in a conventional swept-tuned SA, the first functional stage of an RTSA is the signal-
conditioning stage, which consists of a variable attenuator followed by a filtering section. Since the 
analyzer must receive signals with widely different amplitudes without overloading the internal 
circuitry or compromising measurement accuracy, the variable attenuator reduces the input signal to a 
level suitable for downstream processing while also providing a broadband impedance match, which 
is essential for accurate RF measurements. The filtering section, instead, acts on the spectral content of 
the input signal: the low-pass and band-pass filters suppress unwanted input spectral components 
and help ensure image-free frequency conversion from the RF and microwave input to the final IF 
[102]. 
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After the signal-conditioning stage, the input signal reaches the RF downconversion stage, where 
the first substantial differences with respect to the architecture of a swept-tuned SA become apparent. 
Indeed, a comparison of Figure 3.9 with Figure 3.1 shows that the RTSA architecture does not include 
a sweep-generator to linearly vary the frequency of the local oscillator that drives the mixer. This 
reflects the fact that, during the real-time measurement, the local oscillator frequency is kept constant. 
Under these conditions, the band of interest is shifted at the mixer output by a constant frequency 
offset and, through a subsequent wideband IF filtering stage, is brought to a fixed IF so as to simplify 
the subsequent processing stages. In practice, in actual RTSA implementations, as shown in Figure 
3.10, tuning is achieved through a multi-stage frequency-conversion scheme employing a combination 
of tunable and fixed local oscillators within a multiple-conversion superheterodyne architecture. Each 
frequency-conversion stage consists of a mixer followed by IF filtering and amplification, and the IF 
frequencies, filter shapes, gains, and signal levels are chosen so as to optimize several critical 
performance parameters, including spurious responses due to mixer and filter imperfections, dynamic 
range, amplitude flatness across the real-time bandwidth (namely, the widest frequency range over 
which real-time analysis can be performed), phase linearity, and delay match between the signal and 
trigger paths [102][103]. 

 

Figure 3.10 – RTSA RF/IF block diagram [102]. 

After RF/IF conversion, the output signal from the final IF filter (Figure 3.10) is digitized by 
means of an ADC whose sampling rate must be high enough to ensure that the entire real-time 
bandwidth of the instrument can be digitized correctly without aliasing. This step marks the transition 
from analog RF/IF conditioning to digital signal processing; from this point onward, all subsequent 
operations are carried out digitally. 

The first digital operation is performed by the amplitude/phase correction block. The need for 
this stage arises from the fact that the amplitude flatness, phase linearity, and level accuracy required 
for real-time spectrum analysis cannot be guaranteed by the analog RF/IF chain alone [102]. Indeed, 
mixers, filters, and amplifiers introduce amplitude and phase ripple over the wide bandwidths 
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acquired by RTSAs. For this reason, the RF response measured at the factory (stored in a non-volatile 
memory) and the IF response measured during internal alignments, are used to characterize the 
overall response of the signal path up to the ADC and to generate digital correction filters that 
compensate for these nonidealities. 

 

Figure 3.11 – IF to IQ conversion in a RTSA [102]. 

As shown in Figure 3.11, once corrected, the digitized IF signal is processed by the digital 
downconverter/decimation block, whose purpose is to represent the time-sampled data in terms of the 
I (in-phase) and Q (quadrature) baseband components of the signal by means of a digital 
downconverter (DDC). In general, a DDC contains a numeric oscillator that generates a sine and a 
cosine at the center frequency of the band of interest, which are numerically multiplied with the 
digitized IF signal, thereby generating streams of I and Q baseband samples that contain all of the 
information present in the original IF signal. Since all of the information contained in the original IF 
signal is preserved in the two baseband signals, the minimum required sampling frequency for each 
of them is now half of the original one, so that decimation by a factor of two becomes possible [102]. 
However, the Nyquist theorem must also be satisfied when decimating. If the data rate is reduced by a 
factor of two, then the bandwidth of the digital signal also must be reduced by a factor of two. This 
must be achieved by means of a digital filter applied prior to the reduction in sample rate in order to 
prevent aliasing (Figure 3.11) 

It is worth noting that, up to this point, the instrument has not yet reconstructed the spectrum of 
the input signal. Rather, the processing chain described so far has only translated, corrected, and 
reformulated the band of interest into a digital time-domain representation suitable for analysis. The 
actual transition from the time domain to the frequency domain takes place only in the real-time DSP 
engine (Figure 3.9). Here, successive DFT/FFT operations are applied to consecutive segments of the 
I/Q record prior to memory storage, thereby generating a time-correlated description of the signal 
spectral occupancy. It is important to note that the real-time capability of the RTSA does not arise 
merely from wideband acquisition and the use of DFT/FFT operations, but from the fact that the 
incoming data is processed by a dedicated DSP engine prior to memory storage and at a rate high 
enough to avoid time gaps between consecutive analysis frames; in this way, all computations can be 
performed continuously and fast enough such that the output of the analysis keeps up with the 
changes in the input signal.  
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From a mathematical point of view, applying sequential DFTs at equally spaced time intervals is 
equivalent to passing the input signal through a bank of parallel bandpass filters with equal frequency 
resolution and bandwidth and then sampling the magnitude and phase at the output of each filter 
(Figure 3.12). 

 

Figure 3.12 – A DFT-based SA and an equivalent implementation using a bank of bandpass filters [102]. 

Finally, once the signal has been processed by the real-time engine, the relevant waveform 
segments can be stored in memory and passed to the subsequent post-capture processing and display 
blocks. The processed data can then be represented in different time-correlated forms. In particular, a 
spectrogram may be used to display complete spectra as a function of time, with frequency plotted 
along the horizontal axis, time along the vertical axis, and amplitude represented by color (Figure 
3.13). 

 

Figure 3.13 – Spectrogram. 
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In conclusion, a brief description of the parameters that characterize the performance of an RTSA 
is provided below: 

• Frequency range: the frequency range defines the interval of input frequencies over which the 
instrument can operate. It identifies the lowest and highest RF frequencies that can be 
analyzed by the RTSA; 

• Real-time bandwidth (RTBW): it is the maximum bandwidth that the instrument can acquire 
and analyze simultaneously in real time. It is one of the most distinctive parameters of an 
RTSA, since it determines the portion of spectrum that can be observed continuously without 
sweeping; 

• Probability of Intercept (POI): this parameter quantifies the ability of the instrument to detect 
short-duration transient events. It is usually specified as the minimum event duration that can 
be captured with 100% probability within the real-time bandwidth; 

• RBW: similarly to what has been discussed for swept-tuned SAs, the RBW defines the 
frequency resolution of the analysis, that is, the ability to distinguish two spectral components 
that are close in frequency. For an RTSA, the RBW is inversely proportional to the acquisition 
time; 

• Displayed Average Noise Level (DANL): DANL indicates the average noise level displayed 
by the instrument when no input signal is present. It defines the minimum signal level that 
can be distinguished from the analyzer internal noise; 

• Dynamic range: expresses the ability of the instrument to measure weak and strong signals 
simultaneously without excessive distortion, compression, or masking effects caused by 
internal spurious responses or noise; 

• Streaming capability: refers to the ability of the instrument to transfer or record acquired data 
continuously for long observation times. This is important when long-duration events or 
signal statistics must be analyzed; 

• Amplitude accuracy: Amplitude accuracy specifies how close the displayed signal level is to 
the true signal amplitude. It is a key parameter whenever quantitative power measurements 
are required; 

• Amplitude flatness: Amplitude flatness describes the uniformity of the amplitude response 
across the analyzed bandwidth. Good flatness ensures that signals at different frequencies 
within the same acquisition bandwidth are measured consistently; 

• Phase linearity: phase linearity indicates how uniformly phase is preserved across the 
acquisition bandwidth. It is important whenever accurate time-domain reconstruction or 
modulation analysis is required; 
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3.2 FR1 measurement campaign 

The aim of this section is to describe the measurement protocol adopted for carrying out a 
broadband measurement campaign aimed at assessing the EMF levels in the FR1 band that can be 
detected in the urban areas of small- to medium-sized cities. 

3.2.1 Case study in Cassino (FR) 
The measurements campaign under consideration were carried out in Cassino [104], a small-to-

medium city with about 35,000 inhabitants located in Italy, halfway between Rome and Naples. Figure 
3.14 shows the map of the city. In the same map, the locations of the base stations (BSs) are indicated 
by blue markers and labeled as BSn, whereas the measurement points are marked by green stars and 
identified by labels denoted as Pn. All the measurement points were chosen in Line of Sight (LOS) 
condition, and were generally distributed around the BSs. The study was limited to urbanized areas, 
while external areas with low urbanization have not been included in the study. 

 

Figure 3.14 – Measurement points (Pn) and base stations (BSn) locations [104]. 

 

Figure 3.15 – Measurement setup [104]. 
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The measurements were carried out during three different working days, approximately between 
9-11am and 3-5pm, during which cellular traffic is generally higher, using the following equipment 
(Figure 3.15): 

• FieldFox N9960B SA; 
• ARIA-6000 isotropic triaxial antenna; 
• Antenna cable model SDCF02; 
• GPS antenna. 

The Keysight FieldFox N9960B SA used during the measurement campaign covers a frequency range 
from 9 kHz to 32 GHz. This band includes all frequencies used by cellular systems, including 
millimeter waves. However, the ARIA-6000 antenna covers a smaller band, from 30 MHz to 6 GHz. 
Therefore, the system in the described configuration allowed the measurement of the EMF level in the 
entire band covered by cellular systems in Italy (Figure 3.16), excluding the mmWave frequency band. 
This does not limit the analysis since no mmWave base stations are present in the town. 

 

Figure 3.16 – Bands allocation in Italy [105]. Different colors correspond to different operators. Light grey slots are 
not allocated. 

To carry out the measurements, the FieldFox N9960B was set to SA mode with an RMS detector 
and, in every measurement location, two different recording modes were used: MAX-HOLD mode 
and AVERAGE mode, considering 15 traces. Moreover, in each measurement position (Figure 3.14), 
the probe was placed at a 1.8 m above the ground and the EMF level was measured, over 3501 
frequency points, in the 500 MHz ÷ 4000 MHz frequency range using an RBW of 100 kHz. These 
settings were chosen to have a good trade-off between measurement accuracy and measurement time. 
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As an example, in Figure 3.17 the power spectrum (dBμV∙m-1) measured in AVERAGE recording 
mode in the 𝑛𝑛 = 4 and 𝑛𝑛 = 10 measurement positions is shown with different colors for the three 
measurement sessions, with the respective CP calculated over the full measurement band. Uplink and 
downlink frequencies are indicated with light-blue and light-yellow background respectively, 
whereas light green background represents Time Division Duplex operating mode. 

 

 

Figure 3.17 – Measured Power Spectrum in AVERAGE mode at locations P4 (top) and P10 (bottom), in different 
colors for the three measurement sessions. Uplink and downlink frequencies are indicated with 
light-blue and light-yellow background, respectively, whereas light green background represents 
TDD [104]. 
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For each measurement position, the E-field level was obtained from the CP values measured over 
the entire measurement frequency range after properly compensating the results for cable attenuation 
(the antenna gain correction was applied directly by the instrument). The E-Field levels at the different 
measurement positions in MAX-HOLD mode are shown in Figure 3.18, whereas Figure 3.19 shows the 
E-Field levels measured at each position in AVERAGE mode. 

 

Figure 3.18 – E-Field level in the 20 measurement positions: MAXHOLD recording mode trace. The three colors 
represent different measurement sessions [104]. 

 

Figure 3.19 – E-Field level in the 20 measurement positions: AVERAGE recording mode trace. The three colors 
represent different measurement sessions [104]. 
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The above figures show that the EMF level exhibits limited variation. The mean field value 
measured at the different positions and over all measurement sessions is 1.14 V∙m-1 in MAX-HOLD 
mode, with a standard deviation of 0.47 V∙m-1. In AVERAGE mode, the mean value decreases to 0.71 
V∙m-1, with a standard deviation of 0.30 V∙m-1. The maximum field value was recorded at position 7 
and was equal to 2.31 V∙m-1 in MAX-HOLD mode and 1.47 V∙m-1 in AVERAGE mode. These values 
are summarized in Table 3.1. It is worth mentioning that at the time all the measures were carried out, 
Italian law provided for a maximum value of the electric field equal to 20 V/m and a more restrictive 
“attention value” equal to 6 V/m (rms values, averaged over 6 minutes and 24 hours). 

 

E-Field MAX-HOLD AVERAGE 

Max 2.31 V∙m-1 1.47 V∙m-1 
Mean 1.14 V∙m-1 0.71 V∙m-1 

Standard deviation 0.47 V∙m-1 0.30 V∙m-1 

Table 3.1 – E-Field statistics over all locations and sessions. 

It is also interesting to observe that the field values of the first and third measurement campaign 
are very close, whereas the campaign #2 exhibits very low values in locations P8 ÷ P12. Such points, 
shown in Figure 3.14, are all around RB5, clearly indicating that during the 2nd measurement 
campaign that particular BS was not fully operative. A possible explanation for this result is that the 
measurement campaign #2 has been carried out on a working day close to Easter, when lessons in 
schools and universities were suspended: consequently, less traffic demand is expected. 

The distribution of the measured EMF level was also used to have a rough estimation of the 
degree of deployment of the different generations of the cellular systems in the city by evaluating the 
field level within the frequency bands associated with each generation. In this regard, with reference 
to Figure 3.16, it is useful to note that in Italy the different generations are primarily allocated in the 
following bands: 

• GSM is primarily allocated at 900 MHz (Band 8), whereas 1800 MHz (Band 3) has been 
almost completely reallocated to 4G; 

• 3G (UMTS) is allocated in 2100 MHz (Band 1); however, since 3G cells are being shut 
down the spectrum is gradually reassigned to 4G; 

• 4G (LTE) primarily uses 1800 MHz (Band 3), 2600 MHz (Band 7), 2100 MHz (Band 1) and 
800 MHz (Band 20). 4G frequencies are also used for 5G Dynamic Spectrum Sharing 
(DSS) [12], that insert the 5G into the 4G frame; 

• 5G is allocated in 3.6 ÷ 3.8 GHz (Band 43 or n78), 700 MHz (Band 28) and 26 GHz 
(mmWave, n258), that is used mainly for Fixed Wireless Access (FWA) connections. 

These bands can therefore be gathered according to the corresponding technologies to give 2G/3G, 4G 
and 5G band. It is useful to note that, in addition to the aforementioned bands, frequencies below 700 
MHz (labeled as the UHF band), as well as those between 2.4 and 2.5 GHz (ISM band), also fall within 
the frequency range over which the measurements were carried out. In Figure 3.20, the contribution in 
each band is reported, both in MAX-HOLD and AVERAGE mode.  
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Figure 3.20 – Histogram charts of the field levels in the sub-bands falling within the measurement frequency 
range for the three measurement sessions. Top: MAX-HOLD mode; bottom: AVERAGE mode [104]. 

The histograms above show that the difference observed for measurement campaign #2, as 
outlined above, is limited to bands 3, 8 and 20. By contrast, the contribution of the ISM band was 
larger in measurement campaign #2: this could again be related to the particular day on which the 
measurements were carried out, when students and many other people were probably at home and 
using Wi-Fi more intensively than on other days. Moreover, as mentioned before, the measurement 
band was divided into three sub-bands, according to the different generations of cellular systems. The 
field level in these three sub-bands is mainly used respectively by 2G/3G, 4G and 5G NSA/SA. Figure 
3.21 shows the percentage of the field level in the three sub-bands in the 20 measurement points, both 
in MAX-HOLD and AVERAGE modes.  
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Figure 3.21 shows that 4G provides the most important contribution at the field level, while the 
impact of 5G is limited, showing that the implementation of 5G is significantly slower in smaller than 
in larger cities. 

 

 

Figure 3.21 – Pie charts showing the percentage contributions of the different technologies. Top: MAX-HOLD 
mode; bottom: AVERAGE mode [104]. 

It should be stressed that the results discussed in this section refer only to the sub-6 GHz 
frequency range because no FR2/mmWave BSs were present in Cassino at the time of the 
measurement campaign. Nevertheless, carrying out measurements in the FR2 band remains relevant 
to this work, since the measurement of EMF levels associated with 5G FR2 signals poses specific 
challenges related to beamforming, traffic beam activation, and the strong dependence of the 
measured field level on the operating conditions of the network. Therefore, a dedicated FR2 
measurement campaign was carried out at a different site where a suitable 5G NR FR2 BS was 
available, as discussed in the following section. 
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3.3 FR2 Measurement campaign 

The aim of this section is to describe the measurement protocol adopted for carrying out a 
frequency-selective measurement campaign aimed at assessing the EMF levels related to 5G NR 
signals in the FR2 band under controlled operating conditions. The same protocol is expected to be 
suitable for in-situ calibration of the final device, once the 6G network will become operational.  

3.3.1 Case study in Front (TO) 
The measurements campaign under consideration were carried out in Front–Turin, Italy, in the 

vicinity of a commercial pilot 5G NR FR2 BS operating (Figure 3.22b) at 27 GHz. Figure 3.22a shows 
the measurement positions and the location of the BS within the measurement site. All measurements 
were conducted under LOS conditions. Furthermore, the baseline position, located in the parking area 
behind the Municipality of Front, was at a straight-line distance of 343 m from the BS, whereas 
positions A, B, C, and D were located at straight-line distances of 232 m, 212 m, 176 m, and 97 m from 
the BS, respectively. 

  

Figure 3.22 – Google maps screenshot of the measurement area (a) and a picture of the FR2 Base station (b). 

The measurements were carried out using the following equipment (Figure 3.23): 

• Keysight FieldFox N9960B SA; 
• Steatite QOM-26-40-K-SG-R vertically polarized omnidirectional antenna, with a gain of 

2.8 dBi at 27 GHz (from datasheet); 
• Keysight N9927-60025 2.92 mm RF-cable, exhibiting an insertion loss of 2 dB at 27GHz; 
• non-conductive tripod; 
• two customer premises equipment (CPE) devices 
• GPS antenna. 

a 

b 
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Figure 3.23 – Measurement setup used in the FR2 measurement campaign. 

The following measurement protocol was adopted: 

• the Keysight FieldFox N9960B was operated in SA mode with an RMS detector; 
• at each measurement position, the antenna was mounted on the tripod and kept at a 

height of 1.8 m above the ground; 
• the CPEs has been used to emulate active user connections by generating iPerf traffic, so 

as to force sustained high data throughput and thereby force the traffic toward 
themselves; 

• one of the two CPEs (namely, CPE1) was fixed at the baseline measurement position; 
• the other CPE device (namely, CPE2) was placed at each measurement location, 

approximately 2 m behind the measurement setup; 
• at each measurement position, a predefined activation sequence was applied: first, only 

CPE2 was activated while CPE1 remained inactive; subsequently, both CPE1 and CPE2 
were activated simultaneously; finally, only CPE1 remained active. Each activation stage 
lasted 30 s; 

• at each measurement position and for each activation stage, the power spectrum (dBm) 
was continuously acquired over 1001 frequency points in the 26.75 GHz ÷ 27.25 GHz 
frequency range, using an RBW of 100 kHz. In addition, for each sweep, the CP over a 
200 MHz bandwidth (26.9 GHz ÷ 27.1 GHz) was automatically evaluated by the 
instrument. 

The choice to adopt the protocol described above to carry out the measurement campaign, and in 
particular to use CPEs in order to emulate an active user connection, was motivated by the distinctive 
characteristics of 5G networks. Indeed, as discussed in Chapter 1, 5G systems, particularly those 
operating in FR2, rely on AAS capable of radiating two distinct types of beams, namely the broadcast 
beam and the traffic beam, which differ in their directivity [106] ÷ [108]. More specifically, the traffic 
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beam is used to transmit payload data to the UE and exhibits greater directivity than the broadcast 
beam, which instead carries information intended for all users within the cell, such as control signals. 
Consequently, even if the control signals and payload data are transmitted at the same power, they 
are received at different power levels, resulting in different field levels [106]. Furthermore, most 5G BS 
employ directive antennas whose beams can be steered towards the user through beamforming 
techniques [109]. In the most widely adopted approach, a grid of beams with different directions and 
gains is used to cover the sector of interest. These characteristics pose significant challenges for the 
measurement of RF-EMF levels associated with 5G signals in the FR2 band. In particular, in the 
absence of active UEs, user-specific traffic beams are generally not transmitted, and only cell-defining 
common signals are radiated, primarily through SSB beam sweeping. In these conditions, passive CP 
measurements, i.e., measurements performed without any interaction with the BS, would not provide 
useful results for estimating either the power of the individual SSBs or the RF-EMF levels associated 
with active-user operation. Rather, such measurements would only provide a time- and frequency-
averaged estimate of the channel power under idle conditions, when only always-on/common signals 
are present. In particular, if the whole NR channel were used as the integration bandwidth for CP 
calculation, the power associated with the individual SSBs would be averaged over the entire channel 
and could therefore not be isolated from the CP result. Moreover, the repeatability of the 
measurements might be limited by the bursty nature of SSB transmissions. Better results for SSB 
characterization could be obtained by means of zero-span measurements or by using a real-time 
RTSA. In fact, as discussed in the previous sections, unlike conventional CP measurements performed 
over the entire channel bandwidth, zero-span measurements make it possible to observe the received 
power as a function of time at a fixed frequency corresponding to the SSB, thereby enabling the 
identification of the individual SSBs within the SS burst and of the strongest one among them. 
Similarly, an RTSA can provide a more reliable characterization of SSB transmissions thanks to its 
real-time acquisition capability, which makes it possible to detect intermittent signals. However, 
although these approaches are better suited for SSB characterization, the resulting measurements 
would still be only partially representative of realistic operating conditions with active UEs, since they 
would mainly characterize cell-defining common-signal emissions rather than user-specific traffic 
beams. 

Passive CP measurements would also provide results of limited representativeness in the 
presence of multiple active users. This is because, under these conditions, the BS would dynamically 
distribute the available resources among the active users, steering the beams according to the spatial 
distribution of the users requiring traffic at a given time. As a result, the measured EMF levels would 
strongly depend on the specific traffic and scheduling conditions occurring during the measurement 
session and would therefore exhibit limited repeatability. 

In order to address the issues described above, a possible approach is to perform active 
measurements, in accordance with the measurement protocols adopted for the campaign described in 
this section, by forcing the 5G BS to allocate downlink traffic to a properly configured device located 
close to the measurement position [106][108]. In this way, the BS can be forced to steer a traffic beam 
towards the measurement positions and the measured field can be regarded as a close estimate of the 
maximum exposure achievable at the measurement point when all the resource are given to only one 
user [106]. Consistently with the previous discussion on resource sharing in the presence of multiple 
active users, the field value obtained in this way should be regarded as a conservative upper bound 
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rather than as a representative estimate of the exposure conditions occurring in a realistic user 
scenarios. Nevertheless, this type of measurement may provide the basis for maximum-power 
extrapolation procedures, in which suitable correction factors are introduced to account for the 
statistical variability of traffic and resource allocation, thereby enabling a plausible estimate of the 
exposure levels expected under realistic operating conditions [106] ÷[109]. 

Moreover, the different directivities of the broadcast beam and the traffic beam radiated by a 5G 
BS should also be taken into account when selecting the receiving antenna whenever, unlike in the 
measurement campaign described here, an omnidirectional antenna cannot be used. Because the 
traffic beam is highly directive and therefore characterized by a narrow angular width, low- to 
moderate-gain receiving antennas are generally preferable in such cases, as their wider beamwidth 
makes the measurement results less sensitive to the exact antenna pointing. By contrast, the use of 
high-gain antennas, such as horn antennas, would make the alignment much more critical and could 
reduce the repeatability of the measurements, even under controlled traffic conditions, such as those 
achievable by following the measurement protocol described above. 

Finally, it should be observed that LOS conditions are highly desirable for this type of 
measurement. At FR2 frequencies, propagation is highly sensitive to shadowing effects, and NLOS 
conditions may cause the received field to be dominated by reflected or alternative propagation paths. 
LOS conditions, on the other hand, make it possible to relate the measured field more directly to the 
traffic beam directed towards the measurement point. 

Having briefly outlined the rationale behind the protocol adopted for carrying out the 
measurements discussed in this work, it is now useful to briefly analyse the results obtained. 

 

Figure 3.24 – Example of a sweep acquired in the FR2 measurement campaign. 
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As discussed above, at each measurement position the power spectrum (dBm) was continuously 
acquired over 1001 frequency points within the 26.75 GHz ÷ 27.25 GHz frequency range, using an 
RBW of 100 kHz and following a predefined activation sequence. First, only CPE2 was activated while 
CPE1 remained inactive; subsequently, both CPE1 and CPE2 were activated simultaneously; finally, 
only CPE1 remained active. Each activation stage lasted 30 s. In addition, for each sweep, the CP over a 
200 MHz bandwidth (26.9 GHz ÷ 27.1 GHz) was automatically evaluated by the instrument. Figure 
3.24 shows, as an example, a screenshot of the FieldFox display corresponding to one of the multiple 
sweep acquisitions performed at measurement position A during the 30 s stage in which both CPEs 
were active. 

The power spectra measured at each measurement position during each acquisition performed 
by the instrument were stored in the instrument memory for subsequent post-processing. In 
particular, the obtained results were appropriately compensated to account for the antenna gain and 
the attenuation introduced by the cable used for the measurements. The results thus obtained were 
then processed in order to evaluate, for each activation stage, the average and max-hold values of the 
CP measured over a 200 MHz bandwidth centered at 27 GHz across the multiple sweeps performed 
during each 30 s stage of the activation sequence (the average sweep time was 145 ms). Figure 3.25, 
shows, by way of example, the max-hold power spectra and the corresponding CP, evaluated over a 
200 MHz bandwidth centered at 27 GHz, obtained at position A for the three different CPE activation 
stages. 

 

Figure 3.25 – Max-hold results obtained at position A for each activation stage in the FR2 measurement campaign: 
only CPE2 activated (blue line), both CPEs active (red line), only CPE1 active (orange line). 

The power measured at the instrument input connector, after correction to account for cable 
attenuation and antenna gain, was also used to calculate, for each stage of the activation sequence, the 
average and max-hold values of the E-field strength at the measurement point by means of the 
following relations: 

𝑆𝑆 =
4𝜋𝜋𝑃𝑃𝑟𝑟
𝜆𝜆2𝐺𝐺

(3.2) 

𝐸𝐸 = �𝜂𝜂0𝑆𝑆 (3.3) 
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where 𝑆𝑆 (W∙m-2) is the incident power density, 𝑃𝑃𝑟𝑟  (W) is the power received from the antenna, G is the 
antenna gain, λ (m) is the wavelength, E (V∙ m-1) is the E-Field strength, and 𝜂𝜂0 ≅ 377 𝛺𝛺 is the 
characteristic impedance of free space. 

The results obtained at the different measurement positions are summarized in Table 3.2: 

 

Position 
Coordinates 

CPE 
CP (dBm) E-Field (V∙m-1) 

Latitude Longitude Average Max-Hold Average Max-Hold 

Baseline 45°16'46.800"N 7°39’57.989”E 
CPE1 -59.20 -53.53 0.20 0.38 
both -59.80 -54.02 0.18 0.36 
CPE2 -59.57 -53.69 0.19 0.37 

A 45°16'45.698"N 7°40'3.447"E 
CPE1 -74.62 -70.36 0.03 0.05 
both -57.86 -50.08 0.23 0.56 
CPE2 -55.42 -49.68 0.30 0.59 

B 45°16'44.980"N 7°40'3.775"E 
CPE1 -73.54 -68.62 0.04 0.07 
both -57.39 -49.05 0.24 0.63 
CPE2 -54.37 -47.73 0.34 0.73 

C 45°16'44.024"N 7°40'4.904"E 
CPE1 -75.55 -70.33 0.03 0.05 
both -57.57 -49.73 0.24 0.58 
CPE2 -55.28 -49.33 0.31 0.61 

D 45°16'42.052"N 7°40'7.276"E 
CPE1 -67.64 -61.98 0.07 0.14 
both -58.74 -45.99 0.21 0.90 
CPE2 -60.15 -49.88 0.18 0.57 

Table 3.2 – Results of the FR2 measurement campaign conducted in Front (TO). 

As shown in Table 3.2, at the baseline position the CP values measured across the three stages of 
the CPE activation sequence, both average and max-hold, are very similar. This was expected since, 
according to the protocol previously described, at the baseline position the measurements were 
carried out with both CPEs placed in the same area as the measurement device. For this reason, 
throughout the entire CPE activation sequence, at the baseline position the traffic beams were always 
directed towards the measurement device. Moreover, at positions A to D, the measured CP values, 
both average and max-hold, were very low and close to the background noise level when only CPE1 
was active. This was because, under this condition, the beam was directed towards the baseline 
position and was therefore not detected by the antenna located at positions A, B, C, and D. 

By contrast, when only CPE2 was active, the average CP values measured at positions A, B, and C 
were unexpectedly very similar. Indeed, as the distance from the antenna decreased, an increase in the 
average power level would have been expected. One possible explanation for the observed behavior is 
that the beam used by the antenna to serve positions A, B, and C was not always the same. In this 
case, even small variations in the gain of the selected beam would have been sufficient to offset the 
reduction in free-space path loss expected when moving from a distance of 232 m (position A) to 176 
m (position C). At measurement position D, when only CPE2 was active, the measured CP value was 
approximately 5-6 dB lower than those recorded at the other positions. In this case, the observed 
behavior may be explained by the antenna’s limited ability to steer the beam towards the 
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measurement equipment. Indeed, point D was the closest to the antenna. Given the considerable 
height of the antenna tower, the downtilt required to direct the beam towards the measurement 
position may have exceeded the steering capability of the antenna. 

To conclude the analysis of the results, it is interesting to observe that, at all measurement 
positions, when both CPEs were active, the measured CP average values were approximately 2.5-3 dB 
lower than those measured at the same positions when only CPE2 was active. This is consistent with 
the expected beam behavior when both CPEs were active. Under these conditions, the antenna had to 
share the available resources approximately equally between the CPE located in the measurement area 
and the one placed at the baseline position, which, as observed, resulted in a reduction of the average 
CP value of about 3 dB. 

The measurement protocol discussed in this section therefore proved to be suitable for the 
assessment of EMF levels associated with 5G FR2 signals under controlled operating conditions. 
However, the EMF levels measured according to the discussed procedure represent a conservative 
upper bound for the evaluation of human exposure to RF-EMF in the FR2 band and cannot be 
regarded as representative of the exposure conditions that could occur in a realistic scenario for the 
users.  

This further highlights the usefulness of having a device such as the one discussed in the present 
research project. Indeed, it is reasonable to assume that the assessment of field levels associated with 
forthcoming 6G signals will pose challenges similar to, if not greater than, those already encountered 
by researchers in the evaluation of field levels associated with 5G signals. From this perspective, the 
availability of a wearable exposimeter, characterized by a low purchase cost and capable of being used 
for long measurement sessions without interfering with users’ normal daily activities, could enable 
the execution of unconventional studies aimed at determining long-term average exposure levels 
under realistic conditions. In this context, the measurement technique just presented, with the 
necessary modifications that may be required by the specific features of future 6G networks, could 
prove to be highly valuable for carrying out an in-situ calibration of the device of interest in this work. 
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4 Chapter 4: Proof of concept design of a wearable 
device for 6G FR3 signals level assessments 

This chapter describes the design choices adopted to fulfil the primary objective of the present 
research project. As repeatedly emphasized in the preceding sections, this objective is to provide a 
proof of concept for the realization, through the use of low-cost components, of a wearable device 
capable of assessing exposure levels to forthcoming 6G signals operating in the FR3 band. 

This choice is motivated by the intention to anticipate future needs by making available a device 
capable of characterizing exposure to 6G signals once 6G communication networks are effectively 
deployed. This is particularly desirable in order to avoid issues similar to those that, at least in the 
early stages, hindered the diffusion of 5G technologies. Indeed, one of the factors that initially limited 
the widespread adoption of 5G technologies was the lack of adequate tools, both from a mathematical 
and from a hardware standpoint, for measuring 5G signals in real propagation environments. 

It is worth stressing that the device investigated in the present work, being required to satisfy 
constraints in terms of compactness and cost-effectiveness, is not intended to represent an alternative 
to certified instrumentation for EMF level measurements. Rather, it should be regarded as an 
additional tool that may be employed, for example, in non-conventional studies aimed at collecting, 
on a large scale and over extended time periods, data concerning the levels of 6G signals to which 
users will be exposed under ordinary daily-life conditions. Studies of this kind, especially when 
combined with statistical techniques for the analysis of the acquired data, could, for instance, be used 
to investigate how the average exposure level to 6G signals varies as a function of the age of the 
individuals involved, their geographical area of residence, or their occupational category. Such studies 
can realistically be conducted only by means of devices that are both unobtrusive, given the need to 
perform analyses over prolonged periods, and inexpensive, in view of the high likelihood of damage 
or failure resulting from possible user negligence. 

Anticipating future needs, however, also entails certain drawbacks. Among these, most 
significant factor affecting the achievement of the project’s primary objective is that 6G signal 
standards have not yet been fully defined. This has necessarily required the formulation of a priori 
assumptions regarding the possible characteristics of 6G signals, in order to identify the minimum 
technical specifications that the device of interest must satisfy. 

For this reason, before describing the antenna design phase and the hardware components that 
could be employed for the realization of the device under investigation, it is appropriate to briefly 
recall the characteristics that the device must possess in order to fulfil its intended function. 
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4.1 Main design requirements and constraints of the proposed device 

In Chapter 2 the main types of custom devices commonly employed in research for EMF level 
measurements were discussed. Among these, the class of devices of greatest interest for pursuing the 
primary objectives of this project is that of personal exposimeters. 

 

Figure 4.1 – Simplified Block Diagram of a personal exposimeter. 

Indeed, as shown in Figure 4.1, these devices are characterized by a relatively simple architecture, 
which is well suited to meeting the low-cost requirement of the device considered in the present work. 
This is because the remarkable development of consumer electronics over the last few decades has 
made it possible to find microcontrollers and ADCs on the market that are characterized by good, if 
not excellent, performance at very low cost. Clearly, the low cost of microcontrollers and ADCs alone 
is not sufficient to ensure that the overall cost of the device of interest remains low; to achieve this 
objective, the other key components, such as antennas and RF detectors, must also exhibit purchase or 
fabrication costs that are as low as possible, while still providing performance levels consistent with 
the fulfilment of the project’s primary objectives. For this reason, as will be better clarified in the 
following, the design choices adopted in designing the antennas to be integrated into the device of 
interest were guided not only by the performance targets to be achieved, but also on the 
manufacturing technology required for their fabrication, since the latter has a significant impact on the 
final cost of the device. 

Low implementation cost, however, is not the only requirement that the device under 
consideration must satisfy. Another important requirement is compactness. Indeed, for the device of 
interest to be truly wearable, its dimensions must be such as not to interfere excessively with the 
normal daily activities of potential users. 

Furthermore, still with a view to fulfilling the primary objectives of the present work, the 
characteristics of the antennas and of the hardware components to be employed in the realization of 
the device of interest must be such as to enable the detection of 6G signals with operating frequencies 
between 14.8 GHz and 15.35 GHz. As discussed in Section 1.5, this frequency range is indeed one of 
the candidate bands currently under study in preparation for WRC-27. With respect to the latter point, 
however, it should be emphasized that the operating frequency is only one of the aspects that must be 
taken into account in order to properly design the device under investigation. Another very important 
parameter, for example, is the channel bandwidth that will be used for the transmission of the signals 
of interest. This parameter affects the choice of antenna type, since effective detection requires 
adequate gain and impedance matching over a bandwidth at least as wide as that of the signals to be 
detected. Moreover, as discussed in the previous sections, the functional characteristics of the BSs that 
will be used for the transmission of 6G signals must also be taken into account when defining the 
characteristics of the antennas to be employed in order to fulfil the primary objectives of this research 
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project. For example, as discussed in Section 3.3.1, the distinctive characteristics of the antenna 
systems used for the transmission of 5G signals make low- to medium-gain antennas the most suitable 
option for measuring the EMF levels associated with 5G signals 

With reference to the above, however, it should be pointed out that, at present, standards 
concerning the characteristics of 6G signals and the technologies that will be used to implement the 
new generation of cellular communication networks have not yet been fully defined. In order to 
proceed with the definition of the minimum technical specifications of the antennas to be used for the 
development of the device under investigation, it was therefore necessary to formulate a priori 
assumptions regarding the possible characteristics of future 6G signals. In particular, assuming that 
the main technological innovations introduced with 5G — e.g., beamforming, beam steering, and use 
of highly directive traffic beams in order to maximize the signal-to-noise ratio — will also be retained 
in the future generation of cellular communication networks, it was decided to refer to the distinctive 
characteristics of 5G FR2 signals in defining the minimum technical specifications, in terms of gain 
and bandwidth, of the antennas to be used for the realization of the device of interest. For this reason, 
in defining the design specifications, it was established that the antennas with which the device of 
interest is to be equipped should exhibit low- to medium- gain values (namely, gain below 10 dBi 
[110]) and should be capable of ensuring adequate reception of signals with a bandwidth of at least 
200 MHz. 

A further design specification concerning the functional characteristics of the antennas to be 
employed in the realization of the device of interest relates to their polarization. It is therefore useful 
to briefly review the main concepts related to antenna polarization. 

 

Figure 4.2 – Rotation of a plane EM wave and its polarization ellipse at 𝑧𝑧 = 0 as a function of time [111]. 

The polarization of an antenna is usually defined in terms of the polarization of the wave 
transmitted or received by the antenna in a given direction, generally taken to be the direction of 
maximum gain [111].  
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More precisely, the polarization of an EM wave radiated by an antenna is defined as the property 
that describes the time-varying direction and relative magnitude of the E-field component of the EMF 
[111]. From a conceptual point of view, therefore, the polarization of an EM wave may be regarded as 
the figure traced, as a function of time and at a fixed point in space, by the projection of the tip of the 
vector representing the E-field onto the plane perpendicular to the direction of wave propagation. 

In general, as can be observed from Figure 4.2(a) and (b), the polarization of a wave is elliptical. 
There are, however, two particular cases of elliptical polarization: linear polarization and circular 
polarization. Linear polarization occurs when the magnitude of the vector representing the E-field 
varies over time, while its direction remains constant; in this case, the projection of the tip of the vector 
representing the E-field onto the plane perpendicular to the direction of propagation traces a straight 
line. In other words, a linearly polarized wave is an EM wave in which the amplitude of the electric 
component of the EMF (and, consequently, also that of the magnetic component) varies sinusoidally 
with time, whereas the direction along which this variation occurs remains constant. Circular 
polarization, on the other hand, occurs when the magnitude of the vector representing the E-field at a 
given point in space remains constant over time, while its direction varies in such a way that the 
projection of its tip onto the plane perpendicular to the direction of propagation traces a circle. For a 
circularly polarized field, therefore, the E-field and the H-field rotate over time at each point in space 
while maintaining constant magnitude. The polarization is said to be right-hand circular polarization 
(RHCP) if the rotation is clockwise when the wave is observed in the direction of propagation; 
otherwise, it is defined as left-hand circular polarization (LHCP). 

The polarization of a wave received by an antenna, on the other hand, is defined as “the 
polarization of a plane wave, incident from a given direction and having a given power flux density, 
which results in maximum available power at the antenna terminals” [111]. It should be noted that the 
two definitions just given are actually entirely equivalent. Indeed, as is well known, according to the 
reciprocity theorem, the behavior of an antenna in transmission is analogous to that in reception; 
therefore, the polarization of the incident wave which results in maximum available power at the 
antenna terminals is that of the field radiated by the antenna itself. 

Clearly, the above discussion does not necessarily imply that a mismatch between the 
polarization of the incident field and that of the antenna precludes signal reception. In fact, with 
respect to a given receiving antenna, the incident field can always be decomposed into a co-polarized 
component, namely the component compatible with the polarization state of the antenna, and a cross-
polarized component, namely the one orthogonal to it. In the ideal case, only the former contributes 
effectively to the power available at the antenna terminals, whereas the latter is not coupled to the 
antenna. It follows that the power received by the antenna depends on the magnitude of the co-
polarized component of the incident field: the smaller this component, the lower the power available 
at the antenna terminals. Only in the case in which the incident field is entirely cross-polarized with 
respect to the antenna does the received power vanish.  

This aspect is particularly relevant for the device considered in the present work. Since the device 
is intended to be wearable, its orientation in space cannot be assumed to remain constant during 
operation. As a result, the relative polarization between the incident field and the receiving antenna 
may vary significantly under actual exposure conditions. Under these circumstances, the use of 
circularly polarized antennas is preferable, since it makes the reception behavior less sensitive to 



4. Proof of concept design of a wearable device for 6G FR3 signals level assessments 

 

 
78 

changes in device orientation than would be the case, for example, for linearly polarized antennas. 
This advantage becomes even more significant if the device is equipped with multiple antennas 
arranged, for example, to form a bracelet, since such a configuration can further improve the 
robustness of the received signal under different exposure conditions. 

In light of the above discussion, the main design requirements and constraints of the proposed 
device, and in particular of its antenna and hardware subsystems, can be summarized as follows: 

• the device must be characterized by low implementation cost; 
• the device must satisfy compactness requirements consistent with its intended wearable 

use; 
• the antenna and hardware subsystems must enable the detection of signals with 

operating frequencies in the 14.8 GHz ÷ 15.35 GHz range; 
• the antennas must guarantee adequate reception of signals with a bandwidth of at least 

200 MHz; 
• the antennas must exhibit low- to medium-gain values, namely below 10 dBi; 
• the antennas should be circularly polarized, in order to reduce the sensitivity of the 

received power to variations in device orientation under actual exposure conditions; 
• the design choices adopted for the antennas must take into account not only the required 

electromagnetic performance, but also the manufacturing technology needed for their 
fabrication, since this has a significant impact on the final cost of the device; 

• the other key hardware components, i.e., RF detectors, ADCs and microcontrollers, must 
be selected among commercially available solutions so as to keep the overall purchase 
cost as low as possible, while still ensuring performance levels consistent with the 
primary objectives of the present research project. 

In the following sections, the design choices adopted for the antennas to be employed in the 
realization of the proposed device will be discussed, and the commercially available hardware 
components selected for the same purpose will be presented. Although these activities were carried 
out in parallel, they are discussed in separate sections to ensure greater clarity and readability. 
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4.2 Antenna design 

In order to meet the design constraints defined in the previous section, the design of the antennas 
intended for the device under study was carried out with reference to the class of microstrip patch 
antennas following the workflow summarized in Figure 4.3: 

 

Figure 4.3 – Simplified block diagram of the antenna design workflow. 

As schematically shown in Figure 4.4(a) and (b), this class of microstrip patch antennas is 
characterized by a relatively simple structure consisting of a very thin metallic patch (𝑡𝑡 ≪ 𝜆𝜆0, where 𝜆𝜆0 
denotes the free-space wavelength at the antenna resonant frequency) placed a small fraction of 𝜆𝜆0 
(ℎ ≪ 𝜆𝜆0, usually 0.003𝜆𝜆0 ≤ ℎ ≤ 0.05𝜆𝜆0) above a metallic ground plane [111]. The strip (patch) and the 
ground plane are separated by a dielectric layer, referred to as the substrate. 

 

Figure 4.4 – Structure of a microstrip patch antenna [111]: (a) perspective view; (b) side view. 

Owing to their simple structure, microstrip patch antennas do not require particularly complex or 
expensive manufacturing processes. Indeed, they can be fabricated by means of processes closely 
analogous to those commonly employed for printed circuit boards. More specifically, starting from a 
copper-clad dielectric laminate, the geometry of the patch and the feeding network is defined by 
patterning techniques such as photolithography, or equivalent photo-imaging processes applied to a 
photosensitive resist layer, followed by chemical etching, i.e., the selective removal of the excess 
copper not protected by the patterned photosensitive layer. Any required drilling, metallization, and 
surface-finishing steps can then be carried out according to standard PCB manufacturing workflows. 
This compatibility with printed-circuit technology makes patch antennas manufacturable even by 
commercial PCB suppliers specialized in prototyping and small-batch production, with a consequent 
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reduction in production costs. Moreover, owing to the relatively low complexity of the manufacturing 
processes required for the realization of patch antennas, this class of antennas can be fabricated in a 
variety of geometric configurations (Figure 4.5).  

Therefore, given the degree of freedom in selecting the geometry of the patch antennas to be 
considered for the future realization of the device of interest, the first step in the antenna design 
process consisted in the choice of the geometry to adopt as the reference. More specifically, the 
analysis initially focused on two different antenna configurations: square patch antennas and circular 
patch antennas. 

 

Figure 4.5 – Representative shapes of microstrip patch elements [111]. 

The attention initially devoted to the two geometric configurations mentioned above is mainly 
motivated by the fact that these antenna types are among the most widely used in practice and are 
well characterized from a theoretical standpoint. Consequently, their design can rely on well-
established mathematical relations that make it possible, at least as a first approximation, to 
determine, for example, the characteristic dimensions required for the radiating element to resonate at 
a given frequency on a substrate with assigned electromagnetic properties. Based on the analyses 
carried out, a circular geometry was selected as the reference for the design of the antennas to be 
employed for the future realization of the device of interest. In keeping with the design specifications 
discussed in the previous section, this choice was motivated by the intention to excite circular 
polarization by means of a single feed line. Indeed, as shown in Figure 4.5, circular polarization in 
patch antennas is commonly achieved by means of two orthogonal feed lines excited by equal-
amplitude signals in phase quadrature, obtained, for example, through suitable four-port passive 
reciprocal networks, such as 90° hybrid couplers, which provide equal power division between the 
two output ports with a prescribed phase difference of 𝜋𝜋 2⁄ . This design approach essentially stems 
from the fact that circular polarization can be obtained through the superposition of two orthogonal 
linearly polarized resonant modes, namely those excited when conventional single-feed 
configurations are used without modification, provided that they have equal amplitude and a time-
phase difference equal to an odd multiple of 𝜋𝜋 2⁄  [111]. 
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Figure 4.6 – Hybrid coupler used to excite a circular polarization on patch antennas. 

However, as mentioned above, for the design of the antennas to be used for the realization of the 
device of interest, it was decided not to adopt this solution. This choice was motivated both by the 
need to minimize the overall footprint of the antennas and by the need to avoid additional losses, such 
as conductor, dielectric, and mismatch losses, that may be introduced by feed networks more complex 
than those commonly adopted in single-feed configurations. Indeed, the magnitude of such losses 
depends, among other factors, on the type of substrate used and on the length of the transmission 
lines required to realize such networks and, in general, increases with frequency. Therefore, especially 
at high frequencies such as those of interest in this research project, they may ultimately result in a 
reduction in the overall sensitivity of the measurement chain. 

 

Figure 4.7 – Geometrical perturbations introduced to excite circular polarization in a single-feed circular patch 
antenna. 

More precisely, in designing the antennas to be employed in the device of interest, it was decided 
to adopt a single microstrip feed line configuration, entrusting the excitation of circular polarization to 
the introduction of suitable geometric perturbations on the patch. These perturbations are intended to 
partially break the degeneracy of the pair of orthogonal modes associated with the fundamental TM11 
mode of a circular patch, thereby promoting, over a bandwidth of at least 200 MHz centered around 
15 GHz, the simultaneous excitation of two orthogonal modal components characterized by 
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comparable amplitudes and a phase difference close to 𝜋𝜋 2⁄ . In particular, as shown in Figure 4.7, in 
order to achieve this objective, a rectangular slot was introduced at the patch center, tilted by 3𝜋𝜋 4⁄  
with respect to the horizontal axis of a Cartesian reference system centered at that point, together with 
two semicircular notches etched along its edge and symmetrically arranged along directions tilted by 
±𝜋𝜋 4⁄  with respect to the u-axis shown in the figure. Obviously, a solution of this kind is not feasible 
only with circular patch antennas. A similar approach could also be applied to other types of patch 
antennas, such as square patches. However, a circular patch is inherently characterized by continuous 
rotational symmetry, which may make the achievement of circular polarization by means of the 
proposed solution less constrained. Indeed, for an unperturbed circular patch there are no privileged 
azimuthal directions and, consequently, unlike what occurs in other geometric configurations, the 
fundamental resonant mode TM11 is associated with a degenerate modal family with no privileged 
azimuthal directions. In this context, the synthesis of circular polarization through suitably 
dimensioned geometric perturbations is less constrained by geometry-imposed privileged directions 
and may therefore be potentially less critical. 

After defining the basic geometry, the next step required to proceed with the design of the 
antennas with which the device of interest is to be equipped concerned the choice of the substrate to 
be used for their realization. Indeed, the substrate characteristics have a considerable impact on the 
dimensioning and overall performance of patch antennas. This becomes clear when reference is made 
to the first-order design relations commonly used for the preliminary dimensioning of an unperturbed 
circular patch operating in its fundamental TM11 resonant mode [111]: 

𝑓𝑓𝑟𝑟 =
8.791 × 109
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where 𝑓𝑓𝑟𝑟 (Hz) is the resonant frequency of the fundamental TM11 mode, 𝑎𝑎 (cm) is the physical 
radius of the patch, 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒  (cm) is the effective radius of the patch, i.e., an equivalent radius slightly 
larger than 𝑎𝑎 introduced to account for fringing-field effects which make the patch appear electrically 
larger than its physical dimensions, ℎ (cm) is the substrate thickness, and 𝜀𝜀𝑟𝑟 is the relative permittivity 
of the substrate material. 

As can be inferred from the above relations, increasing 𝜀𝜀𝑟𝑟 reduces the resonant frequency of a 
circular patch characterized by a given effective radius 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒 . Therefore, the use of substrates with high 
relative permittivity makes it possible, for a given resonant frequency 𝑓𝑓𝑟𝑟, to reduce the overall 
dimensions of the patch. A similar effect is also observed, as a first approximation, when the substrate 
thickness increases. Indeed, as ℎ increases, the effective radius of the patch tends to increase and, 
consequently, the resonant frequency of the fundamental mode decreases; therefore, in order to keep 
the resonant frequency unchanged, the physical dimensions of the patch must be reduced. The choice 
of the substrate to be used for the fabrication of patch antennas, however, cannot be made solely on 
the basis of reducing the overall footprint; indeed, 𝜀𝜀𝑟𝑟 and ℎ also significantly affect the antenna 
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performance. More precisely, high values of 𝜀𝜀𝑟𝑟 end to reduce the antenna bandwidth and gain, while 
also promoting the excitation of surface waves which, by giving rise to spurious radiation, may 
degrade the polarization purity, radiation pattern, and radiation efficiency of the antenna [111]. An 
increase in substrate thickness, on the other hand, may enlarge the antenna bandwidth; however, 
excessively high values of ℎ may enhance the excitation of surface waves and make impedance 
matching more critical. Conversely, excessively small values of ℎ tend to confine the field more 
strongly within the substrate, thereby penalizing radiation efficiency [111]. The choice of the substrate 
must therefore be regarded as a compromise between miniaturization requirements and the overall 
performance of the antenna. With reference to this aspect, it is worth observing that, at the frequencies 
of interest within the present research project, antenna miniaturization does not represent a 
particularly critical issue. Indeed, according to the equations reported above, the high values of the 
operating frequencies of interest make it possible to keep the overall antenna footprint limited even 
when substrates characterized by relatively low values of 𝜀𝜀𝑟𝑟 are used. Therefore, in order to meet the 
primary objectives of the present work, it was decided to guide the choice of the substrate material for 
the fabrication of the antennas of interest primarily on the basis of performance and cost 
considerations. More precisely, in the preliminary stages of the design of the antennas to be employed 
in the device of interest, a market survey was carried out in order to identify, among the materials 
commonly used for PCB fabrication, a substrate characterized by low values of relative permittivity 
and loss tangent at the frequencies relevant to this work. The need to employ materials with low loss 
tangent value stems from the fact that, as frequency increases, dissipative effects in materials tend to 
become progressively more significant; consequently, in order to ensure good antenna performance at 
the frequencies of interest, it is preferable to use a substrate material with loss tangent values as low as 
possible. Table 4.1 summarizes the EM properties, typical thickness, maximum available thickness, 
and cost of the main substrate types used in RF applications for which publicly available price 
quotations can be found. 

 

Substrate Marketed as 
Dk (𝜺𝜺𝒓𝒓) 

@10 GHz 
Df (𝐭𝐭𝐭𝐭𝐭𝐭 𝜹𝜹) 
@10 GHz 

Common / 
Standard 
Thickness 

(mm) 

Maximum 
Standard 

Thickness 
(mm) 

Reference 
Format 

Dimensions 
(mm×mm) 

Reference 
Cost 
(€) 

Rogers RT/duroid 5880 2.20 0.0009 0.508 1.575 305×457 319.12 

Rogers RO3003 3.00 0.0010 0.508 1.524 305×457 280.15 
Rogers RO4003C 3.38 0.0027 0.508 1.524 305×457 54.46 
Rogers RO4350B 3.48 0.0037 0.508 1.524 305×457 88.02 

Table 4.1 – Main characteristics and cost of substrate types commonly used in RF applications. 

As shown in Table 4.1, among the analyzed materials, Rogers RT/duroid 5880 exhibits the best 
electromagnetic properties. Indeed, this material is characterized by very low values of relative 
permittivity and loss tangent and, in accordance with the considerations discussed above, is especially 
suitable for high-frequency and broadband microstrip/stripline implementations. In particular, it 
represents an excellent choice for low-loss patch antennas and microwave feeding networks, since it 
helps limit dielectric losses and preserve high radiation efficiency, although at the expense of larger 
physical dimensions compared with higher-permittivity substrates. This material, however, is very 
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expensive. Therefore, in order to comply with the cost constraints of this work, Rogers RO4003C with 
a thickness of 0.508 mm was selected as the substrate for the fabrication of the antennas to be 
employed in the device of interest, as it represents, according to Table 4.1, the best compromise in 
terms of cost and performance. The choice to adopt a substrate thickness of 0.508 mm was guided by 
the fact that this value is among those commonly used in practice for the fabrication of PCBs based on 
Rogers RO4003C, since it corresponds to one of the standard laminate thickness values typically 
marketed by the manufacturer. This choice therefore makes it possible to avoid resorting to additional 
processing steps or to particular construction solutions aimed exclusively at obtaining different 
thickness values, such as, for example, the coupling or lamination of multiple dielectric sheets, 
possibly through the use of bonding films, i.e., dielectric adhesive films used to laminate different 
layers of a structure together, or prepreg materials, i.e., dielectric sheets pre-impregnated with 
partially cured resin and commonly employed in PCB lamination processes. Indeed, such solutions 
could increase the complexity of the manufacturing process and, consequently, the fabrication costs. 
At the same time, the choice of a widely used thickness makes it possible to increase the number of 
PCB manufacturers to which it will be possible to turn for the fabrication of the antennas of interest 
and, therefore, to have greater flexibility in selecting the most economically convenient solution, in 
accordance with the cost constraints of the final device. 

After defining the type of substrate on which to focus attention, several preliminary EM 
simulations were carried out using CST Studio Suite in order to determine the values of the design 
parameters of the patch antenna shown in Figure 4.8 on the following page that are required for the 
antenna to resonate at 15 GHz and, in accordance with the design specifications defined in the 
previous section, to exhibit circular polarization over a bandwidth of at least 200 MHz centered 
around the resonant frequency. This preliminary analysis was necessary to verify whether the values 
of the design parameters required to implement the choices made, namely the excitation of circular 
polarization by means of geometric perturbations and the use of a Rogers RO4003C substrate with a 
thickness of 0.508 mm, were compatible with the manufacturing capabilities of the PCB producers to 
whom it will be necessary to turn for the fabrication of the antennas intended to equip the device of 
interest. The results of this analysis are discussed in the following section. 
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4.2.1 Preliminary antenna design 
Figure 4.8 shows the model used for the EM simulations carried out to verify whether the optimal 

values of the design parameters of the proposed solution were compatible with the fabrication 
constraints imposed by PCB manufacturers operating in the consumer market. 

 

Figure 4.8 – Preliminary antenna model used to verify the feasibility of the proposed solution (left), with a 
magnified view of the feeding section (right). 

For the initial dimensioning of the design parameters of the model shown in the figure, reference 
was made to the equations discussed in the previous section and to some preliminary considerations 
concerning the expected electromagnetic behavior of the antenna. More precisely, on the basis of 
Equations (4.1) ÷ (4.4), the diameter of the unperturbed circular patch (namely, PD in Figure 4.8) was 
first determined so as to correspond, on a Rogers RO4003C substrate (𝜀𝜀𝑟𝑟 = 3.38) with a thickness of 
0.508 mm, to a resonant frequency of the fundamental TM11 mode slightly higher than the design 
value of 15 GHz. The reason for this choice lies in the fact that the central slot and the two notches on 
the edge, required to excite circular polarization by means of a single feed line, modifies the current 
paths on the patch and may, overall, lead to an increase in the effective electrical length of the 
radiating element, which in turn results, for unchanged physical dimensions, in a reduction of the 
resonant frequency. 

On the basis of the value thus obtained, the first approximation values for the dimensions of the 
central slot (namely, SW and SL in Figure 4.8) and of the diameter of the two edge notches (namely, 
ND in Figure 4.8) were then defined. Indeed, as discussed extensively in the previous section, the 
purpose of these elements is to introduce controlled geometric perturbations, so as to enable the 
excitation of two quasi-degenerate resonant modes with comparable amplitudes and a phase 
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difference approximately equal to 𝜋𝜋/2; excessively strong perturbations could therefore lead to an 
excessive separation of the two resonances or to an imbalance in the modal amplitudes. For this 
reason, following a conservative approach, the preliminary values of the parameters SL, SW, and ND 
were defined as, 0.30𝑃𝑃𝑃𝑃, 0.10𝑃𝑃𝑃𝑃, and 0.05𝑃𝑃𝑃𝑃, respectively. 

Moreover, as shown in Figure 4.8, it was decided to fed the patch antenna by means of the 
feeding technique known as a coupled recessed microstrip feed, in conjunction with the use of a 𝜆𝜆/4 
transformer, in order to obtain, at the frequencies of interest, a good impedance match to the 50 Ω feed 
line. The choice of using a 𝜆𝜆/4 transformer stems from the fact that, as is well known from the patch 
antenna theory, at the resonant frequency the input impedance of a circular patch is real and 
decreases, along the radial direction, from the edge towards the center, where it vanishes [111]. 
Moreover, at resonance, the input resistance at the edge of a circular patch is typically much higher 
than 50 Ω. Consequently, the radial position at which the input resistance becomes equal to 50 Ω is 
generally located well inside the patch edge. Therefore, if the patch were to be fed directly by a 50 Ω 
line, a relatively deep inset would be required in order to reach the feed point corresponding to an 
input resistance of 50 Ω. In addition, as is well known from the transmission-line theory, for a given 
substrate the characteristic impedance of a microstrip line decreases as the line width increases. 
Consequently, if the patch were to be fed directly by a microstrip line with a characteristic impedance 
of 50 Ω, not only would the inset depth need to increase, but its width would also have to increase in 
order to accommodate the wider microstrip line. This, however, could severely limit the feasibility of 
exciting circular polarization through the proposed approach, since the geometric perturbation 
introduced by an inset feed whose dimensions are not negligible with respect to the patch radius may 
compete with the intentionally introduced perturbations, thereby making more difficult to achieve the 
amplitude and phase balance between two quasi-degenerate resonant modes required to generate the 
desired circular polarization. Therefore, in order to limit as much as possible both the depth and the 
width of the inset feed, it is advisable to use, for feeding the antenna, a high-impedance line section, 
which is characterized by a smaller width, properly dimensioned so that its input impedance is equal 
to 50 Ω. In the case of a 𝜆𝜆/4 transformer, as is well known, this result is obtained by using a line 
section of fixed length, namely 𝜆𝜆/4 at the frequency of interest, with a characteristic impedance equal 
to the geometric mean of the load impedance and the desired input impedance. A 𝜆𝜆/4 transformer, 
however, can provide impedance matching only for purely real loads. For a circular patch, as 
mentioned above, this condition is satisfied only at the resonant frequency; indeed, away from 
resonance, the antenna input impedance is generally complex and therefore includes a reactive 
component. From this standpoint, in order to increase the frequency range over which a good 
impedance match can be achieved, as mentioned above, it was decided to adopt the coupled recessed 
microstrip feeding technique. Indeed, this feeding technique provides an additional degree of 
freedom, beyond the sole variation of the characteristic impedance of the 𝜆𝜆/4 line section, that can be 
exploited to improve impedance matching; more specifically, by properly varying the distance 
between the edges of the patch and the high-impedance microstrip section used for feeding, it is 
possible to introduce an additional capacitive reactance which can help compensate for the reactive 
part of the patch input impedance in the vicinity of the resonant frequency. Therefore, in accordance 
with the considerations discussed above, in order to avoid selecting excessively large initial values for 
the depth and width of the inset feed, the preliminary value of the parameter IL (inset length) was set 
equal to 0.10 ∗ 𝑃𝑃𝑃𝑃, whereas the values of the parameters (Figure 4.8) FG (front gap), BG (borders gap), 



4. Proof of concept design of a wearable device for 6G FR3 signals level assessments 

 

 
87 

and MW (matching width) were defined with reference to the average values of the minimum copper 
trace width and the minimum spacing between two traces specified in the manufacturing capabilities of 
the main PCB manufacturers serving the consumer market. 

Finally, the value of the parameter FL (feed line) in Figure 4.8 was chosen such that, for the 
selected substrate, a microstrip line of width FL had a characteristic impedance of 50 Ω. Regarding the 
parameters L and W, which represent the substrate dimensions, preliminary conservative values of 
15.5 mm and 11 mm, respectively, were selected based on the empirical rule prescribing a minimum 
clearance between the patch and the substrate edges equal to three times the substrate thickness, in 
order to minimize edge effects. 

After defining the initial values of the design parameters for the antenna shown in Figure 4.8, 
several EM simulations were carried out, using the EM simulation software CST Studio Suite, in order 
to identify the optimal values of the aforementioned parameters that allow the design objectives to be 
achieved, namely to make the antenna resonate at 15 GHz and exhibit circular polarization over a 
bandwidth of at least 200 MHz around the resonance frequency. More precisely, the procedure 
followed to determine the optimal values of the design parameters of the antenna shown in Figure 4.7 
is as follows: 

• initially, several EM simulations were carried out to identify the values of the parameters 
PD, IL, FG, BG, MW, and ML that allow the antenna shown in Figure 4.8 to resonate at 
the target frequency of 15 GHz and to exhibit good impedance matching with the 50 Ω 
feed line over a bandwidth of at least 200 MHz around 15 GHz, while keeping the 
parameters SL, SW, and ND fixed at the preliminary values determined, as a first 
approximation, according to the considerations discussed previously.  

• once the values of PD, IL, FG, BG, MW, and ML ensuring resonance at 15 GHz and good 
impedance matching had been identified, further simulations were carried out iteratively 
in order to optimize the parameters affecting the achievement of the desired circular 
polarization; 

• more specifically, in each subsequent simulation, only one of the parameters SL, SW, and 
ND was varied by small amounts, while the others were kept fixed. At the end of each 
simulation, it was verified whether the resonance frequency and the impedance matching 
achieved in the previous step were still preserved. In addition, the effect of the applied 
variation of the parameter under consideration on the antenna axial ratio (𝐴𝐴𝐴𝐴) was 
evaluated in order to verify whether it was converging towards values below 3 dB. The 
𝐴𝐴𝐴𝐴, defined as the ratio of the major axis to the minor axis of the polarization ellipse 
associated to the radiated field (Figure 4.2b), is the parameter commonly used to assess 
the polarization type of an antenna. Indeed, according to the above definition, linear 
polarization corresponds to 𝐴𝐴𝐴𝐴 → ∞, whereas circular polarization corresponds to 𝐴𝐴𝐴𝐴 =
1 (i.e., 0 dB). In practice, the condition 𝐴𝐴𝐴𝐴 ≤ 3 dB is commonly adopted as a practical 
criterion to identify circular polarization; 

• if the variation applied to the parameter under analysis caused an excessive shift in the 
resonance frequency or a significant degradation of the impedance matching obtained in 
the previous step, the parameters PD, IL, FG, BG and MW were retuned through 
additional EM simulations in order to restore resonance at 15 GHz and good impedance 
matching before proceeding further with the one-parameter-at-a-time optimization of the 
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parameters SL, SW, and ND. This step was necessary because modifying the slot and 
notches dimensions also alters the antenna input impedance and its effective electrical 
length, and may therefore compromise the optimization achieved in the previous stage; 

• furthermore, if the variation applied to the parameter under examination proved to be 
detrimental in terms of 𝐴𝐴𝐴𝐴, that parameter was restored to the best value obtained in the 
previous step, and the same procedure was then repeated for the remaining parameters; 

• finally, once the values of SL, SW, and ND yielding the lowest 𝐴𝐴𝐴𝐴 had been identified, a 
final fine-tuning of the parameters IL, FG, BG, and MW was carried out in order to 
further improve the antenna impedance bandwidth. 

The multiparametric optimization procedure just described is schematically summarized in 
Figure 4.9: 

 

Figure 4.9 – Flowchart of the multiparametric EM optimization procedure adopted to determine the optimal 
values of the design parameters of the antenna shown in Figure 4.8. 
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Table 4.2 lists the optimal values of the design parameters obtained through the procedure 
described above for the antenna shown in Figure 4.8. The obtained values are consistent with the 
manufacturing capabilities of the main PCB manufacturers serving the consumer market. The 
obtained results are therefore consistent with the objective of developing a low-cost solution.  

 

Parameter Optimal Value Parameter Optimal Value 

PD 5.60 mm MW 0.18 mm 
FG 0.10 mm FW 1.13 mm 

BG 0.10 mm SL 1.98 mm 
IL 0.65 mm SW 0.60 mm 

ML 2.90 mm ND 0.60 mm 

Table 4.2 – Optimal design parameter values for the antenna shown in Figure 4.8. 

The results of the simulations performed using the values listed in Table 4.2 are shown in Figure 
4.10 ÷ Figure 4.14. 

 

Figure 4.10 – Simulated magnitude of S11 versus frequency for the patch antenna shown in Figure 4.8. 

As can be observed from Figure 4.10, the adopted design solutions allow the antenna under study 
to resonate at 15 GHz and to exhibit very good impedance matching over a bandwidth of 
approximately 740 MHz around the resonance frequency. Therefore, the antenna shown in Figure 4.8 
is characterized by an impedance bandwidth that covers the entire frequency range of interest in this 
study. 
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Figure 4.11 – Simulated AR versus frequency for the patch antenna shown in Figure 4.8. 

Moreover, as shown in Figure 4.11, the proposed solution effectively enables the excitation of 
circular polarization by means of a single feed line. Indeed, the 𝐴𝐴𝐴𝐴 evaluated at the resonance 
frequency is lower than 1 dB. In addition, the 𝐴𝐴𝐴𝐴 remains below the 3 dB threshold, which, as 
previously discussed, is commonly adopted in practice as a criterion for identifying circular 
polarization, over a bandwidth of approximately 210 MHz around the antenna resonance frequency. 
This value is consistent with the design specifications defined in Section 4.1. 

 

Figure 4.12 – Simulated broadside realized gain vs frequency for the patch antenna shown in Figure 4.8. 

Figure 4.12 shows the broadside realized gain as a function of frequency. It is worth noting that 
the maximum broadside realized gain, achieved at the resonance frequency, is slightly lower than 6 
dBi. This value is in very good agreement with the gain values typically achieved by patch antennas. 
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Figure 4.13 – Simulated radiation pattern at 15 GHz in the ϕ=0° plane (x − z plane) for the antenna shown in 
Figure 4.8. 

 

Figure 4.14 – Simulated radiation pattern at 15 GHz in the ϕ=90° plane (y − z plane) for the antenna shown in 
Figure 4.8. 

As for the radiation behavior, Figures 4.13 and 4.14 report the radiation patterns in the two 
principal vertical planes, namely the θ-cuts at ϕ=0° and ϕ=90°, corresponding to the x − z and y − z 
planes, respectively. According to the adopted coordinate system, the z-axis is normal to the patch 
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plane, whereas the y- and x-axes are parallel to the longer and shorter sides of the patch, respectively. 
These results further confirm that the antenna exhibits a broadside radiation behavior at 15 GHz. The 
main lobe is directed close to the broadside direction, although a slight angular deviation is observed, 
with the main beam pointing at 6.0° for ϕ=0° and at −5.0° for ϕ=90°. The corresponding 3 dB 
beamwidths are 87.4° and 96.7°, respectively, indicating a relatively broad main beam in both 
principal planes. Moreover, the side lobe levels are equal to −17.9 dB for ϕ=0° and −14.3 dB for ϕ=90°, 
thus confirming that secondary radiation remains sufficiently limited. Overall, the two cuts indicate 
similar radiation characteristics in the principal planes, although slight differences can be observed, 
likely due to the geometrical asymmetries introduced by the feeding structure and by the 
perturbations adopted to achieve circular polarization. 

Although the presented solution proved sufficient to satisfy the antenna design requirements 
defined in Section 4.1, a slightly different antenna configuration was ultimately adopted in order to 
meet the primary objectives of the research project under consideration. Indeed, as mentioned earlier, 
the solution just presented had been primarily conceived to verify the practical feasibility of the 
proposed antenna configuration for achieving circular polarization by means of a single feed line. At 
the same time, it had been developed while also taking into account the possibility of connecting the 
antennas to the measurement electronics by means of coaxial connectors and RF cables, as is 
commonly done in practice. However, since a commercially available RF detector characterized by 
very compact dimensions and low cost was identified as suitable for meeting the primary objectives of 
the project, it was decided to investigate the possibility of integrating it directly onto the same PCB 
used for the antenna implementation, so as to improve the overall wearability of the device of interest. 
This alternative solution is discussed in the following section. 
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4.2.2 Final antenna design 
Having verified that, at the frequencies of interest for the research project under consideration, 

the excitation of circular polarization in a circular patch antenna by means of a single feed line and 
controlled geometrical perturbations is compatible with the manufacturing capabilities of the main 
PCB manufacturers serving the consumer market, and having further verified that this solution 
satisfies the design constraints defined in Section 4.1, it was decided to adopt, as the basis for the 
design of the antennas intended to equip the device of interest, a slightly modified version of the 
configuration presented in the previous section. In particular, as shown in Figure 4.15, the antenna 
layout was modified so as to allow the installation of the RF detector, intended for measuring the 
levels of the signals of interest within the scope of the present research project, directly on the same 
PCB used for the antenna implementation. This solution is particularly attractive, since it avoids the 
use of coaxial connectors and RF cables, which, in addition to increasing the overall cost of the device, 
could compromise its wearability by increasing the overall bulk of the measurement system. 

 

Figure 4.15 – Final antenna design (left), with a magnified view of the feeding section (top right) and the RF 
detector footprint (bottom right). 

More precisely, as can be observed from the comparison between Figure 4.8 and Figure 4.15, in 
order to achieve the intended objective, it was decided to exploit part of the results obtained from the 
analysis carried out in the previous section and to modify the numerical model to be used for the 
optimization of the design parameters of the antennas of interest by replacing the feeding section of 
the antenna shown in Figure 4.8, consisting of the 50 Ω microstrip line and the 𝜆𝜆/4 transformer, with a 
microstrip line having a fixed width of 0.25 mm, corresponding to the width of the input pin of the RF 
detector to be used for the implementation of the exposimeter of interest, and connected to the input 
pin pad of the footprint designed to host the detector. 
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Before presenting the results of the simulations carried out on the model shown in Figure 4.15 in 
order to achieve the intended objective, it is useful to clarify the rationale underlying their execution. 
Indeed, the need to use, for the direct connection to the detector, a microstrip section having a fixed 
width of 0.25 mm introduces additional issues from the impedance-matching standpoint. More 
precisely, as will be discussed in the following section, the input pin of the detector to be used to 
satisfy the primary objectives of this work is internally matched to 50 Ω. A 0.25 mm-wide microstrip 
line implemented on an RO4003C substrate with thickness equal to 0.508 mm, however, exhibits a 
characteristic impedance significantly higher than this value, being on the order of 100 Ω. Under these 
conditions, the direct connection of the detector cannot be achieved simply by replacing the feeding 
section of the previous design with a 0.25 mm-wide line section. In fact, even if the patch were 
properly matched to such a line, in the absence of suitable design measures the detector would see, at 
the connection point, an impedance different from that for which its input was designed, thus 
resulting in impedance mismatch. 

To overcome the issue described above, and in order to introduce as few modifications as 
possible to the model described in the previous section, it was decided to adopt a solution based on 
the impedance transformation that occurs along a transmission line terminated with a mismatched 
load. Indeed, it is well known that the input impedance of a transmission line terminated with a 
mismatched load varies as the length of the considered line section changes. Therefore, if, by varying 
the length of the line section to be used to connect the patch to the detector, it were possible to identify 
a configuration for which the impedance seen at the input of such a line had a real part as close as 
possible to 50Ω then, by connecting the detector at that point and acting on the inset parameters of the 
patch, it would be possible to achieve good impedance matching without the need to resort to more 
complex and more demanding solutions, also from a computational standpoint. 

Therefore, in order to assess the validity of the proposed solution, several EM simulations were 
carried out, starting from the optimal values of the design parameters related to the geometry of the 
radiating element reported in Table 4.2, with the aim of identifying the minimum length that a 0.25 
mm-wide microstrip line, implemented on an RO4003C substrate with thickness equal to 0.508 mm 
and coupled to the patch as shown in Figure 4.8 and Figure 4.15, must have so that its input 
impedance exhibits, at the design frequency of 15 GHz, a real part equal to 50 Ω. Once the desired 
result had been achieved, recalling that the impedance seen at two sections of a transmission line 
separated by half a guided wavelength is the same, the value of the parameter DL, shown in Figure 
4.15, was determined by extending the minimum microstrip length required for the line to exhibit, 
under the design conditions, an input impedance with a real part equal to 50 Ω by an amount equal to 
𝜆𝜆𝑔𝑔/2. In particular, this was done to avoid placing the detector too close to the radiating element, in 
order to limit the possibility of it excessively perturbing the antenna radiation pattern. 

After defining the initial value of the parameter DL, EM simulations were carried out to finely 
tune the design parameters shown in Figure 4.15 by following a procedure analogous to that 
described in the previous section. This operation was necessary to compensate for the changes in the 
patch AR caused by the slight increase in the width of the line coupled to the patch compared with 
that considered in the model shown in Figure 4.8. The results obtained following the optimization 
procedure are summarized in Table 4.3: 
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Parameter Optimal Value Parameter Optimal Value 

PD 5.62 mm DL 8.99mm 

FG 0.10 mm SL 2.02 mm 
BG 0.10 mm SW 0.50 mm 
IL 0.72 mm ND 0.60 mm 

W 12.70 mm L 22.00 mm 

Table 4.3 – Optimal design parameter values for the antenna shown in Figure 4.15. 

By comparing the data reported in Table 4.3 with those obtained for the antenna model described 
in the previous section, it can be observed that the optimal design values for the antenna shown in 
Figure 4.13 do not differ significantly from those derived for the antenna shown in Figure 4.7. These 
results therefore indicate that the antennas of interest can be fabricated using the standard 
manufacturing processes commonly adopted in printed circuit board (PCB) production. Indeed, the 
values reported in Table 4.3 fall well within the manufacturing capabilities of PCB manufacturers 
serving the consumer market and, consequently, further support the feasibility of producing the 
antennas of interest through low-cost manufacturing processes. 

Figure 4.16 ÷ Figure 4.20 show the simulation results obtained for the antenna model under 
consideration when the optimal values of the design parameters reported in Table 4.3 are used. 

 

Figure 4.16 – Simulated magnitude of S11 versus frequency for the patch antenna shown in Figure 4.15. 

As shown in Figure 4.16, the frequency response of the magnitude of S11 confirms the validity of 
the solution adopted to interface the patch antenna under consideration with the RF detector to be 
employed in the implementation of the target device. Indeed, the same figure shows that the antenna 
resonates at the design frequency of 15 GHz and exhibits good impedance matching over the entire 
frequency range of interest for this research project. In particular, the antenna impedance bandwidth 
extends from 14.7 GHz to 15.51 GHz, corresponding to approximately 810 MHz. 
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Figure 4.17 – Simulated AR versus frequency for the patch antenna shown in Figure 4.15. 

Figure 4.17 shows the AR response of the antenna as a function of frequency. It can be observed 
that the AR value obtained at the resonant frequency is equal to 0.77 dB, thus confirming that circular 
polarization is effectively achieved at the design frequency. Moreover, as shown in the same figure, 
the 3-dB AR bandwidth is approximately 200 MHz, in agreement with the design specifications 
defined in Section 4.1. 

 

Figure 4.18 – Simulated broadside realized gain vs frequency for the patch antenna shown in Figure 4.15. 

As shown in Figure 4.18, the maximum broadside realized gain occurs at approximately 15.2 
GHz, with a value of about 5.43 dBi. This value is only slightly higher than the realized gain obtained 
at the antenna resonant frequency, which is approximately 5.29 dBi. The difference between the two 
values is therefore limited to 0.14 dB and may be considered negligible from a practical standpoint. 
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The obtained realized-gain values are consistent with those typically associated with patch antennas 
and therefore further confirm the soundness of the proposed design. 

 

Figure 4.19 – Simulated radiation pattern at 15 GHz in the ϕ=0° plane (x − z plane) for the antenna shown in 
Figure 4.15.  

 

Figure 4.20 – Simulated radiation pattern at 15 GHz in the ϕ=90° plane (y − z plane) for the antenna shown in 
Figure 4.15. 
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Figure 4.19 and Figure 4.20 show the far-field cuts of the proposed antenna evaluated at the 
design frequency of 15 GHz in the two principal vertical planes. According to the adopted coordinate 
system, the z-axis is normal to the patch plane, whereas the y- and x-axes are parallel to the longer and 
shorter sides of the patch, respectively. As can be observed, in the ϕ=0° plane (corresponding to the 
x − z plane) the maximum realized gain is equal to 5.29 dBi and is achieved close to the broadside 
direction, with a main lobe tilt of approximately 2°. In the ϕ=90° plane (corresponding to the y − z 
plane), instead, the maximum realized gain is equal to 5.94 dBi and is observed at an angle of 
approximately 19°, thus indicating a non-negligible off-broadside displacement of the main lobe in the 
y − z plane. The obtained results therefore indicate that the antenna does not exhibit a perfectly 
symmetric broadside radiation pattern. This behavior can reasonably be attributed to the geometry of 
the final integrated structure. More precisely, although the patch itself is correctly tuned at the design 
frequency, the presence of the elongated microstrip interconnection and of the detector circuitry 
arranged along the y − direction introduces a structural asymmetry which may perturb the current 
distribution on the radiating element. As a consequence, the distortion of the radiation pattern mainly 
appears in the y − z plane, i.e., in the plane containing the dominant geometrical asymmetry of the 
layout. Nevertheless, such a behavior should not be regarded as particularly critical for the intended 
application. Indeed, as shown in Figure 4.19 and Figure 4.20, the 3-dB beamwidth values are 
approximately 85.1° and 107.2° for the ϕ=0° and ϕ=90° cuts, respectively. The relatively broad main 
beam observed in both principal planes, together with the moderate realized-gain values obtained, 
ensures a sufficiently wide angular response and, consequently, limited sensitivity to antenna 
pointing. In particular, although the maximum realized gain in the ϕ=90° plane is achieved at an off-
broadside angle of about 19°, the broadside realized gain at 15 GHz is equal to 5.29 dBi, i.e., only 0.65 
dB lower than the maximum value obtained in the same plane. This means that, despite the observed 
tilt, the antenna response along the broadside direction remains close to the maximum one and can 
therefore be considered suitable for the desired application because it provides a good balance 
between radiation performance, compactness, integration level, and manufacturability within the 
scope of the proposed proof of concept design. 

To conclude the description of the proposed antenna, it is useful to clarify the reasons why no 
filtering stage has been included between the antenna and the detector at the present stage of the 
design. The main reason lies in the fact that no off-the-shelf SMT band-pass filter has been identified 
with a passband fully compatible with the bandwidth requirements of the target application. In 
particular, the commercially available solutions found for the frequency range of interest generally 
exhibit passbands wider than the impedance bandwidth of the proposed antenna and, therefore, 
would not provide any substantial advantage in terms of selectivity. Furthermore, once the relevant 
6G standards have been defined and compatible signal generators become available, the target device 
will be assembled and subsequently tested in an anechoic chamber under controlled conditions. In 
such a scenario, no interfering signals are expected to be present, and the introduction of a filtering 
stage is therefore not necessary. For this reason, it was considered preferable not to further increase 
the complexity of the overall structure at the present stage of the design. Finally, the proposed 
solution remains well suited to subsequent integrations. Therefore, if SMT band-pass filters meeting 
the design specifications become commercially available in the future, they may be integrated on the 
antenna PCB, in a manner analogous to that envisaged for the RF detector. 
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4.3 RF detector and microcontroller specifications 

This section presents the main features of the hardware components selected, together with the 
antenna configuration described in the previous section, to meet the primary objectives of the research 
project under consideration. 

Indeed, for the design of a wearable exposimeter capable of detecting the levels of future 6G 
signals operating in the FR3 band, it is necessary not only to properly design the antennas with which 
the device will be equipped, but also to carefully select the hardware components to be used in 
conjunction with them, so as to enable the proper detection and digitization of the signal levels of 
interest. For this reason, in parallel with the activities carried out to properly design the antennas 
presented in the previous section, a market survey was conducted in order to identify an RF detector 
suitable for achieving the intended objectives. In carrying out this search, the attention was focused on 
the class of RMS detectors. Indeed, this category of detectors is particularly suitable for the 
development of devices aimed at assessing EMF exposure levels, since it provides an output that can 
be directly related to the average power of the received signal. Among the various commercially 
available options, one solution that proved particularly attractive for meeting the objectives of this 
work is the true RMS RF detector manufactured by Analog Devices and marketed under the name 
LTC5596.This device, in fact, combines a very wide operating frequency range with a simple output 
interface and a compact footprint. More precisely, the LTC5596 is housed in a compact 2 mm × 2 mm 
dual flat no-lead package (Figure 4.21), operates from 100 MHz up to 40 GHz and is designed as a 
high-accuracy RMS power detector that provide an output DC voltage related to the average RF input 
power through a linear-in-dB transfer characteristic.  

 

Figure 4.21 – Package outline and main dimensions of the LTC5596 RF detector [112]. 

As mentioned above, these features are particularly relevant for the development of a wearable 
device such as that envisaged in the present research project. In particular, the reduced footprint, as 
shown in the previous section, makes it possible to integrate the LTC5596 directly onto the PCBs used 
for the implementation of the patch antennas intended to equip the target device, even when the 
antennas themselves are characterized by very compact dimensions. Furthermore, the simple RF to 
DC conversion provided by the device make it possible to use low-cost MCU in order to digitize and 
process its outputs. 
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Figure 4.22 – Output voltage and linearity error versus RF input power for the LTC5596 at 15 GHz [112]. 

Another aspect that makes the LTC5596 an attractive solution for meeting the primary objectives 
of the present research project is that it provides a sufficiently wide dynamic range for the intended 
applications of the target device and, moreover, as shown in Figure 4.22, it exhibits an approximately 
linear-in-dB transfer characteristic, with a specified slope of 29 mV∙dB-1 over its dynamic range. In 
particular, as shown in Figure 4.22, at 15 GHz the RF input-power range corresponding to a ±1 dB log-
linearity error extends from approximately -37.5 dBm to +5.5 dBm at 25° C. These values allow a first-
order estimate of the minimum and maximum incident power level that could be detected by the 
LTC5596 when equipped with the antennas described in Section 4.2.2. Indeed, assuming that the 
minimum input-power level reliably detectable by the detector at 15 GHz is approximately −37 dBm, 
whereas the maximum input-power level is approximately +5.5 dBm, and considering that the 
antennas presented in Section 4.2.2 exhibit a broadside realized gain of 5.29 dBi, the corresponding 
minimum and maximum incident power-density levels can be evaluated by means of the following 
equation: 

𝑆𝑆 =
4𝜋𝜋𝑃𝑃𝑟𝑟
𝜆𝜆2𝐺𝐺

(4.5) 

 

By applying the equation introduced above, using the maximum and minimum power levels 
detectable by the LTC5596, and considering that the wavelength at 15 GHz is 0.02 m, the following 
expressions are obtained when the antenna gain is expressed on a linear scale: 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 33 𝑊𝑊 ∙ 𝑚𝑚−2

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 1.65 × 10−3 𝑊𝑊 ∙ 𝑚𝑚−2 →
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = �377𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = �377𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

→
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 112 𝑉𝑉 ∙ 𝑚𝑚−1

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 0.79 𝑉𝑉 ∙ 𝑚𝑚−1 (4.6) 

In the case of a linearly polarized incident field, since the antennas analyzed in Section 4.2.2 are 
circularly polarized, the evaluation of the minimum and maximum incident power-density levels 
detectable by the device requires taking the polarization mismatch factor into account. More precisely, 
for an ideally circularly polarized antenna illuminated by a linearly polarized incident field, the 
polarization mismatch factor is equal to 1/2, corresponding to a 3 dB polarization mismatch loss. 
Under these conditions, in order to achieve the same received power, the required incident power 
density doubles, while the electric-field strength increases by a factor of √2. Even under these 
conditions, the minimum detectable field levels achievable through the combined use of the antennas 
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described in the previous section and the LTC5596 remain well suited to the applications for which 
the device considered in the present research project has been conceived. 

Another important advantage of the LTC5596 lies in its compatibility with wideband and highly 
dynamic waveforms. Indeed, the device is capable of providing accurate RMS power measurements 
for signals with crest factors up to 12 dB and remains suitable even when the crest factor varies over 
time. [112]. This feature is of particular importance for ensuring that the proposed device can properly 
fulfill the function for which it has been designed. Indeed, similarly to present 5G signals, future 6G 
signals are expected to be broadband and potentially characterized by high crest factors. In such a 
scenario, if the detector were not sufficiently robust with respect to this aspect, its output could 
depend too strongly on signal peaks and would therefore fail to correctly represent the average 
received power. Furthermore, since 6G standards have not yet been fully defined, the adoption of a 
detector that remains reliable even in the presence of strongly modulated signals and time-varying 
crest factors makes the proposed architecture more flexible and more robust with respect to future 
technological uncertainty. 

Finally, another aspect that makes the LTC5596 particularly attractive with respect to the 
objectives of the present research project is its cost. Indeed, the device is commercially available at a 
price on the order of several tens of euros, which makes it particularly interesting for the development 
of a low-cost exposimeter intended for the measurement of future 6G signals. 

In addition to the detector, the realization of the target device, in agreement with the simplified 
model shown in Figure 4.1, also requires the adoption of an ADC and a microcontroller, which are 
needed to digitize and process, respectively, the signals provided at the detector output. From this 
point of view, a wide range of hardware solutions may in principle be considered. Indeed, since the 
output of the LTC5596 is a slowly varying DC signal whose fluctuations are only related to variations 
in the power of the input RF signal, the digitization of the detector output does not require the use of 
ADCs characterized by particularly demanding specifications. For this reason, the ADCs currently 
integrated in modern microcontroller architectures can suitably perform the required function without 
particular difficulties. As an example, the microcontrollers belonging to the STM32 family integrate 
ADC stages whose performance largely exceeds the actual sampling requirements associated with the 
signals available at the LTC5596 output. A possible solution that may be adopted in this respect is 
represented by the STM32L433RTCP6 device. According to the manufacturer datasheet, this MCU is 
based on an Arm Cortex-M4 core operating at up to 80 MHz and integrates a 12-bit ADC with a 
maximum conversion rate of 5 Msps, hardware oversampling, and up to 16 external input channels. 
Such characteristics are well beyond the actual acquisition requirements of the detector output. 
Indeed, the LTC5596 is characterized by rise time equal to 2.9 μs and fall time equal to 8.1. These 
values correspond to variation of the output signals in the order of a few hundreds of kilohertz. 
Therefore, the use of an MCU integrating a multi-megasample ADC should be regarded as more than 
sufficient for the correct acquisition of the detector output, while also providing ample margin for 
signal averaging, oversampling, and possible multi-channel implementations. 
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4.4 Experimental validation of the simulation 

The aim of this section is to present the results of the measurements carried out on patch-antenna 
prototypes representative of those discussed in Section 4.2.2, in order to validate the numerical-
simulation results obtained for the optimal design of the antennas to be used for the realization of the 
target device. 

Before presenting the results of the measurements under consideration, however, it is useful to 
make a brief preliminary remark. Indeed, the antennas discussed in Section 4.2.2 were designed so as 
to ensure direct interfacing with the LTC5596 RMS detector; therefore, in their original configuration, 
the antennas analyzed in Section 4.2.2 cannot be directly connected to the laboratory instrumentation 
normally used, in a controlled environment, to perform the measurements required for their 
experimental characterization. For this reason, in order to carry out an experimental evaluation of the 
characteristics of the antennas to be employed in the realization of the target device, it was necessary 
to slightly modify the model discussed in Section 4.2.2 before proceeding with the physical fabrication 
of the prototypes on which the measurements under consideration were performed. More precisely, 
as shown in Figure 4.23, in order to enable the connection of the antennas under consideration to 
laboratory instrumentation, the section intended to accommodate the RF detector was removed from 
the original model, and a GCPW-to-microstrip transition was designed to allow the use of end-launch 
coaxial connectors.  

 

Figure 4.23 – CST EM model of the connectorized circular patch antenna. 

It is worth emphasizing that the design parameters of the connectorized patch shown in Figure 
4.23 are fully equivalent to those reported in Table 4.3. Indeed, the numerical models shown in the 
above figure were used exclusively for the design of the GCPW-to-microstrip transition required to 
enable the use of end-launch coaxial connectors. 
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Figure 4.24 shows one of the antenna prototypes fabricated according to the model shown in 
Figure 4.23. 

 

Figure 4.24 – Prototype of the circular patch antenna used to carry out the simulations validation measurements. 

After the fabrication of the patch-antenna prototypes to be used for the realization of the target 
device, laboratory measurements were carried out in order to verify the agreement between the 
experimental results and the numerical ones obtained from the simulations performed on the model 
shown in Figure 4.23 by using the optimal values of the design parameters reported in Table 4.3. More 
precisely, before carrying out the antenna-characterization measurements in the semi-anechoic 
chamber available at the University of Cassino and Southern Lazio, some preliminary measurements 
were performed in the µLAB microwave laboratory of the Department of Electrical and Information 
Engineering “Maurizio Scarano” at the University of Cassino. The preliminary measurements were 
carried out using a Rohde & Schwarz ZNA43 vector network analyzer and a ZV-Z9x test cable (Figure 
4.25). 

 

Figure 4.25 – Measurement equipments. 
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Figure 4.26 shows a comparison between the measured magnitude response of S11 and the 
corresponding response obtained from the numerical analyses carried out on the model shown in 
Figure 4.23. 

 

Figure 4.26 – Comparison between the magnitude response of the measured S11 and the one simulated with 
optimal values for design parameters. 

As shown in Figure 4.26, the fabricated prototypes resonate at a frequency lower than the design 
frequency of 15 GHz. In particular, the resonance-frequency shift observed in the antenna prototypes 
under consideration is approximately 200 MHz. 

In order to investigate the possible causes of the evident discrepancy between the simulated and 
measured S11 magnitude responses, it was decided to carefully examine the accuracy of the 
fabrication processes carried out by the manufacturer on the antenna prototypes. Indeed, the 
optimization procedures performed during the design phase of the antennas of interest, discussed in 
Sections 4.2.1 and 4.2.2, proved highly instructive in understanding the effects resulting from 
variations in the values of the different parameters governing the overall antenna behavior. To carry 
out these analyses, a visual inspection of the antenna prototypes was performed using a microscope. 
The analysis revealed the presence of several fabrication-related issues affecting the prototypes under 
consideration. For this reason, in order to assess the extent of the geometric deviations introduced 
during the antenna fabrication process, high-definition scans of the patch feeding region and of the 
GCPW-to-microstrip transition were acquired. The dimensions of the design parameters governing 
the electromagnetic behavior of the overall structure were then evaluated on the basis of these scans 
by means of imaging software. The results of the analyses carried out are shown in Figures 4.27 and 
4.28. 
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Figure 4.27 – Comparison between the simulated GCPW and the manufactured GCPW. 

Figure 4.27 shows that all the design parameters of the GCPW-to-microstrip transition were 
altered during the fabrication process. In particular, with reference to the numerical values reported in 
the figure, it can be observed that all the design-parameter values of the GCPW-to-microstrip 
transition differ from the intended ones. It can also be noted that the width of the line section used to 
feed the patch is approximately 40 % larger than the corresponding design value. Similarly, the gap 
between the central strip of the GCPW and the two lateral ground planes was reduced by 
approximately 40%. Similar deviations can also be observed in the antenna feeding region. In 
particular, the deviations affecting the width of the feeding microstrip undoubtedly have an impact on 
the impedance matching, since the radial position of the feeding point is selected as a function of the 
characteristic impedance of the microstrip section actually connected to the patch. A similar 
consideration also applies to the lateral and frontal gaps in the adopted feeding technique, since a 
variation of approximately 20% in these parameters cannot be regarded as negligible.  

 

Figure 4.28 – Comparison between the simulated inset and the manufactured one. 
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In order to assess whether the observed dimensional deviations were responsible for the 
discrepancy between the numerical simulations and the experimental measurements, the model 
shown in Figure 4.23 was simulated again by using, as design-parameter values, those obtained from 
the dimensional analysis carried out on the antenna prototype shown in Figure 4.27 and Figure 4.28. 

Figure 4.29 shows a comparison between the magnitude response of the measured S11 and the 
corresponding simulated one obtained for the model shown in Figure 4.23 after updating its design 
parameters as mentioned above. 

 

Figure 4.29 – Comparison between the magnitude response of the measured S11 and the one simulated with 
design parameter values obtained from the dimensional analysis on the antenna prototype. 

The results obtained after updating the design parameter values of the reference model in 
accordance with the dimensional analysis described above confirm that the discrepancy between the 
experimental and numerical results highlighted in Figure 4.26 is to be attributed to the non-optimal 
fabrication of the antenna prototype on which the measurements were carried out. However, since a 
numerical model that appears to be capable of adequately reproducing the actual behavior of the 
fabricated prototypes was available, it was decided to perform further measurements in a controlled 
environment in order to assess their radiation pattern. 

  

Figure 4.30 – Measurements inside the semi-anechoic chamber: ϕ=0° (left) and ϕ=90° (right) 
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More specifically, the measurements were carried out inside the semi-anechoic chamber (Figure 
4.30) located in the Engineering building of the University of Cassino and Southern Lazio, using, in 
addition to the VNA shown in Figure 4.25, a cylindrical scanning system controlled by a Newport 
Universal ESP300 motion controller and a probe consisting of a WR62 waveguide operating over the 
12.4 ÷ 18 GHz frequency range. More precisely, by using the just mentioned instrumentation, varying 
the azimuth angle of the antenna under test with a discrete step of 3°, and performing two separate 
sets of measurements, one with the probe in vertical polarization and the other with the probe in 
horizontal polarization, the θ-cuts of the radiation pattern were evaluated in the two principal vertical 
planes, namely ϕ=0° and ϕ=90°, according to a reference system in which the z-axis is perpendicular to 
the patch plane, whereas the x- and y-axes are parallel to its shorter and longer sides, respectively. 

Figures 4.31 ÷ 4.34 show the comparison between the measured and simulated normalized-gain 
radiation patterns in the ϕ=0° and ϕ=90° planes at 14.6 GHz, 14.8 GHz, 15.0 GHz, and 15.2 GHz, 
respectively. 

 

Figure 4.31 – Comparison of the measured and simulated normalized-gain radiation patterns in the ϕ=0° (left) 
and ϕ=90° (right) planes at 14.6 GHz. 

 

Figure 4.32 – Comparison of the measured and simulated normalized-gain radiation patterns in the ϕ=0° (left) 
and ϕ=90° (right) planes at 14.8 GHz. 
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Figure 4.33 – Comparison of the measured and simulated normalized-gain radiation patterns in the ϕ=0° (left) 
and ϕ=90° (right) planes at 15.0 GHz. 

 

Figure 4.34 – Comparison of the measured and simulated normalized-gain radiation patterns in the ϕ=0° (left) 
and ϕ=90° (right) planes at 15.2 GHz. 

The figures above demonstrate good overall agreement between the measured results and those 
obtained from the simulations. Indeed, the general shape of the radiation patterns is preserved in all 
the examined cases, the width of the main beam is fairly similar in both measurement and simulation, 
and the overall behavior remains reasonably stable in the vicinity of the resonant frequency of the 
antennas under test. 

It is, however, worth observing that the comparison between the measured and simulated results 
is generally more regular in the ϕ=0° plane than in the ϕ=90° plane. Indeed, the radiation patterns 
evaluated in the ϕ=0° plane exhibit, on the whole, a smoother trend and a better agreement with the 
corresponding numerical results, whereas those evaluated in the ϕ=90° plane are characterized by 
more pronounced ripples, deeper local minima and, especially in the back-radiation region, a lower 
regularity of the measured pattern. This behavior can reasonably be attributed primarily to the 
fabrication-induced imperfections of the real prototype with respect to the geometry considered in the 
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simulations. Indeed, at the frequencies of interest, even small dimensional deviations that cannot be 
directly assessed, or fully quantified, through the dimensional analysis carried out such as the actual 
morphology of the copper edges, the extent and uniformity of the rounding at corners and 
terminations, possible local variations in the microstrip width along its path, and the trapezoidal 
cross-sectional profile of the metallization resulting from the etching process may locally perturb the 
current distribution on both the radiating structure and the feeding network, thus generating parasitic 
contributions that affect the measured radiation pattern. The effect of such non-idealities tends to 
manifest itself more clearly in the back-radiation region, where the field radiated by the patch is 
inherently weaker and, therefore, any residual contributions are less effectively masked by the main 
lobe radiation. In the present case, this effect may also be more evident in the ϕ=90° plane, since, 
according to the adopted reference system, both the patch feeding line and the central conductor of 
the GCPW-to-microstrip transition mainly develop along the y-axis, i.e., along the direction parallel to 
the longer side of the patch.  

It is also worth observing that, in the ϕ=0° plane, the comparison between the measured and 
simulated radiation patterns is not perfectly symmetric with respect to the θ=0° direction. Indeed, as 
shown in the figures above, for θ values between 60° and 120° a generally good agreement between 
experimental and numerical results is observed at all the frequencies considered. In the opposite 
angular sector, namely for θ values between -120° and -60°, the agreement is slightly less good, with 
more evident discrepancies between the two patterns, which tend to become more pronounced as the 
frequency increases. Such a behavior can reasonably be interpreted as indicative of the presence, in the 
fabricated prototype, of asymmetries with respect to the y-z plane of the adopted reference system. 
These asymmetries may be associated, for instance, with differences between the right- and left-hand 
sides in the three-dimensional profile of the metallization resulting from the fabrication process, as 
well as with slight out-of-plane deformations of the board and/or other prototype non-idealities that 
cannot be directly identified through the top-view microscopic analysis discussed above. Indeed, 
effects of this kind may alter the symmetry of the structure with respect to the y-z plane and, 
consequently, affect the radiation pattern measured in the ϕ=0° plane. 

In light of the considerations discussed above, it can therefore be concluded that the experimental 
results substantially confirm the radiation behavior predicted by the EM model of the antenna under 
examination. Indeed, in both principal planes considered, the measured radiation patterns reproduce 
with satisfactory accuracy the general behavior of the corresponding simulated patterns, thereby 
confirming the main-lobe configuration and the directivity characteristics of the antenna over the 
analyzed frequency range. It may therefore be stated that the measurements performed provide, 
overall, a significant confirmation of both the validity of the developed antenna design and the 
reliability of the numerical model of the antenna adopted to predict its radiative behavior. 
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5 Summary and conclusions 

In this thesis, a proof-of-concept design for a compact, low-cost wearable device for the 
assessment of EMF exposure levels in prospective 6G scenarios in the 14.8 ÷ 15.35 GHz frequency 
range was developed. This work was motivated by the intention to anticipate future needs by 
providing, already in the early stages of the development of new 6G communication networks, a 
measurement solution specifically conceived for frequency bands and propagation conditions that are 
expected to play a significant role in future wireless communication systems, thereby contributing, at 
least in part, to overcoming one of the main critical issues that may hinder the development of new 
communication technologies, especially in their initial stages, namely the lack of adequate instruments 
for measuring the levels of the EMF associated with the signals of interest. It is worth highlighting that 
the frequency range was selected as one of the leading candidates indicated by WRC-27, but the 
proposed architecture can be adapted to different frequency ranges, even in a multi-frequency 
configuration. 

Within this framework, an architecture based on a planar radiating element, an RMS RF power 
detector, and a digital acquisition section was defined, with particular attention devoted to the design 
and validation of the antenna, which represents the most critical and original element of the proposed 
system, since its radiation characteristics, physical footprint, and fabrication cost directly affect both 
the measurement performance of the target device and the overall compactness and economic 
viability of the proposed solution. For this reason, a significant portion of the work was devoted to the 
design and optimization of the radiating element. In particular, through an extensive numerical-
simulation activity, a single-microstrip-fed circularly polarized patch antenna, with overall 
dimensions of 22.00 mm × 12.70 mm and operating at 15 GHz on a 0.508 mm-thick Rogers RO4003C 
substrate, was developed and optimized in order to meet the main requirements of the target 
application in terms of compactness, cost-effective manufacturability, polarization behavior, and 
radiation performance. 

On the basis of the obtained design, the antenna prototype was then fabricated and 
experimentally characterized in order to verify whether its radiative behavior was consistent with that 
predicted by the EM simulations performed on the numerical model of the antenna. To this end, the 
radiation patterns of the fabricated prototype were measured in a semi-anechoic chamber and 
subsequently compared with the corresponding simulated ones in the two principal planes, namely 
ϕ=0° and ϕ=90°, defined for the considered antenna by the broadside direction and, respectively, by 
the directions along the minor and major dimensions of the antenna layout. 

The comparison showed good overall agreement between numerical and experimental results. 
More specifically, in both principal planes the measured radiation patterns reproduced the general 
shape of the corresponding simulated ones, including the main-lobe configuration and the main 
directivity features of the antenna. In particular, the measured results confirmed that, in the ϕ=0° 
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plane, the main lobe is oriented close to the broadside direction, while in the ϕ=90° plane a slight 
angular deviation is observed as predicted by the numerical analysis. The observed discrepancies are 
mainly confined to limited angular regions, especially in the back-radiation region, and therefore do 
not affect the overall agreement between measurements and simulations. On this basis, it may be 
stated that the measurements performed provide, overall, a significant confirmation of both the 
validity of the developed antenna design and the reliability of the numerical model of the antenna 
adopted to predict its radiative properties. 

This result is particularly relevant in the overall perspective of the proposed device. Indeed, the 
antenna experimentally characterized in this work preserves the same patch geometry, feeding 
microstrip, and substrate dimensions as the antenna intended for use in the proposed wearable 
personal exposimeter, namely the antenna directly connected to the RMS RF power detector 
integrated on the same PCB. Therefore, the experimental validation of the numerical simulations 
carried out for the design of the analyzed antenna prototypes provides a sound basis for considering 
as realistic also the numerical results obtained for the integrated antenna-detector structure. On this 
basis, the simulated response of the integrated antenna-detector system can be combined with the 
input-output characteristics of the adopted detector in order to derive first quantitative estimates of 
the expected performance of the measurement device. More specifically, by referring to the lower end 
of the useful input range of the adopted RMS RF power detector and to the simulated realized gain of 
the integrated antenna-detector system, the minimum detectable field strength is found to be 
approximately 0.80 V∙m-1 at 15 GHz. If a larger dynamic range is required, a LNA can be easily 
integrated in the device. In addition, the combination of the slope of the linear-in-dB response of the 
adopted detector and the resolution of an ADC commonly integrated into low-cost microcontrollers 
(12 bit with 3.3 V reference voltage) makes it possible to estimate a minimum distinguishable input-
level difference of about 0.028 dB, corresponding to a minimum distinguishable relative variation of 
the incident field of approximately 0.32%. These values further support the suitability of the proposed 
device for the assessment of EMF exposure levels associated with the signals of interest within the 
scope of the present work. 

On the basis of the results discussed above, the proof-of-concept design developed in this work 
may therefore be considered as fully validated within the scope of the present thesis. Indeed, the 
integrated antenna-detector structure is characterized by an overall footprint of only 22.00 mm × 12.70 
mm and by an estimated total cost of about 90 €. Owing to its limited size and low cost, the proposed 
integrated antenna-detector unit can be adopted as the elementary sensing block of a multi-antenna 
exposimeter, for instance in a bracelet-like arrangement, in order to improve the robustness of the 
received signal under different exposure conditions. Furthermore, since low-cost microcontrollers (f.i. 
the STM32L433RTCP6 identified in Section 4.3) typically provide several ADC input channels, a single 
unit can, in principle, be used to process the outputs of multiple antenna-detector structures, while 
contributing only a few euros to the overall cost. As a consequence, the total cost of a multi-antenna 
implementation can still be kept well below 1000 €. This conclusion is further reinforced by the fact 
that the estimated cost of about 90 € refers to a single integrated antenna-detector unit and can already 
be expected to decrease for moderate procurement volumes, owing to the significant reduction in the 
unit price of the adopted RMS RF power detector and to the lower PCB fabrication cost achievable in 
larger-scale production. Overall, these considerations confirm the feasibility of a compact and 
relatively low-cost solution for the intended application, strengthen the practical relevance of the 
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proposed architecture, and support its future development toward a fully integrated wearable 
personal exposimeter. 

The full development of such an architecture, however, will require the complete definition of 6G 
signal specifications, as well as the availability of signal generators capable of producing waveforms 
compliant with those specifications. Indeed, once these conditions are met an adequate calibration of 
the proposed device may be carried out, both in controlled environments and in open-field scenarios, 
using high-end instrumentation as a benchmark for the assessment of the overall performance of the 
system. This activity will constitute the natural next step toward the complete experimental validation 
of the proposed architecture and its future implementation as a wearable personal exposimeter for 
prospective 6G scenarios 
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