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ABSTRACT The deployment of Distributed Antenna Systems (DAS) in poorly covered indoor areas has
been a strategy to improve and extend radio-frequency (RF) coverage. However, this may imply a rise
in the risk perception related to human exposure to electromagnetic fields (EMF), despite the existence
of protection limits. Therefore, the objective of the current study is to analyze the overall impact of the
installation of indoor DAS on the global human exposure. This analysis takes into account both downlink
exposure, which includes exposure from outdoor base stations and indoor DAS, as well as uplink exposure
induced by mobile phones. To this end, we carried out measurement campaigns in the premises of an
organization and two subway stations in France, with the capability to selectively activate or deactivate
the DAS antennas. The global exposure is evaluated using the ‘Exposure Index (EI)’ metric, which was
developed as part of the European project LEXNET. The EI metric takes into consideration the exposure
induced by both base stations and mobile devices, as well as the specific usage service (such as data or voice
calls). The results have shown that deploying indoor DAS implies a reduction in the global EMF exposure
while improving the quality of the cellular network connectivity. In addition to the impact of the usage service
of mobile phones, the extent of EMF decrease is heavily influenced by the presence of additional RF sources.
Specifically, significant reductions in EMF exposure have been observed in locations with minimal additional
RF sources, whereas relatively lower reduction factors have been observed in locations with additional RF
sources.

INDEX TERMS Distributed antenna system, radio-frequency electromagnetic field (RF-EMF), human
exposure, exposure index, indoor coverage, measurements.

I. INTRODUCTION buildings are designed to limit the environmental impact

With the increasing demand for wireless communications,
seamless services have become essential regardless of the
environment. Considering that human spends the majority
of their time indoors (approximately 90% of the day [1]),
research efforts have been dedicated to indoor propagation,
coverage, and throughput [2]. In certain indoor environments,
such as underground subway stations, shopping malls, and
company premises, radio coverage can be extremely poor due
to the positioning of antennas outside the premises. Moreover,
with new environmental constraints linked to energy saving,
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and reduce heat loss (a.k.a Haute Qualité Environmentale,
HQE) [3], implying an attenuation of radio-frequency (RF)
waves propagated through. Because of that, investigations
have been conducted with new types of indoor base station
antennas, such as a distributed antenna system (DAS), which
is a network of spatially distributed antennas connected to
a common source [4], [5], [6]. Deploying DAS in indoor
environments has the potential to extend wireless coverage
and improve service quality. With DAS, each antenna
covers a relatively small localized area, ensuring closer
proximity to users. However, this deployment raises concerns
about the potential health risks associated with exposure
to electromagnetic fields (EMF), despite the existence of
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protection limits [7], [8]. Therefore, it is crucial to respect
rules and guidelines for EMF exposure in order to ensure the
safe deployment of any wireless communication network.

Human exposure encompasses both downlink (DL) and
uplink (UL) exposure. DL exposure refers to EMF radiations
emitted by distant sources such as base stations, femtocells,
and DAS antennas. On the other hand, UL exposure is
induced by nearby wireless devices, particularly mobile
phones, regardless of whether they are held close to the
human body or placed few centimeters away. UL exposure
assessment is challenging due to the close proximity of
user equipment (UE) to the human body. Furthermore, the
UE output power is variable as it is adapted to network
conditions through the transmit power control algorithm [9].
Consequently, it is important to note that DL and UL
exposures usually exhibit correlated behaviors; when one
increases, the other often decreases [10]. When the con-
nection quality is very poor, the UE may radiate at the
maximum power level allowed by the system. We note that
people often underestimate the UL exposure, while they
tend to overestimate the DL exposure, possibly due to the
perception that base stations continuously emit at higher
transmit power [11], [12].

In the literature, DL exposure has been extensively
assessed through simulations and measurements, as reviewed
in [13] for indoor scenarios. However, little works have
focused on assessing UL exposure, especially in indoor
environments. With the densification of cellular networks,
especially the deployment of femtocells and small cells
(resulting in a heterogeneous network), researchers have
started studying the impact of this new network architecture
on EMF exposure, taking into account both DL and UL.
In this context, several in-situ measurements were carried out,
considering indoor femtocells [14], [15], [16] and outdoor
small cells [17], [18], [19], [20], and comparing them with
macro cells. These studies covered various technologies,
including the global system for mobile communication
(GSM) for small cells deployed in trains [16], the universal
mobile telecommunications system (UMTS) for indoor
femtocells [14], [15], and both UMTS and long term
evolution (LTE) for outdoor small cells [17], [18], [19], [20].
The measurements were carefully designed to cover a
wide dynamic range of connection quality. Nonetheless,
machine learning and artificial intelligence algorithms have
been recently investigated to exploit the collected mea-
sured data and thereby predict and build an RF exposure
map [21], [22], [23], [24]. Furthermore, researchers are
actively addressing EMF exposure from newly deployed
fifth-generation (5G) networks [25], [26], [27], [28], [29].

Different assessment strategies have been considered
for DL and UL exposures. The mobile phone emitted
power (TX), received power (RX) as well as data through-
put have been recorded using drive test solutions (i.e.,
commercial software modified phones dedicated to record
network parameters), e.g., Azenquos [30], QualiPoc Android
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from Rohde & Schwarz [31], and Nemo Handy from
Keysight [32]. Moreover, in the context of epidemiological
measurement campaigns, the characterization of individuals’
daily life exposure is performed with non-commercial mobile
phone applications such as XMobiSense [33] and a novel
miniature personal exposimeter called Devin [34]. Devin
is essentially a probe with additional electronics attached
to the mobile phone cover [34]. When measuring DL
exposure, the electric field (E-field) strength emitted by base
station antennas has been measured using spectrum analyzer
or personal exposimeter [14], [18], [20]. Alternatively,
it has been monitored in a given area by deploying sensor
networks [21], [35], [36]. A review on EMF measurement
equipment can be found in [37] and [38].

When conducting compliance testing, DL and UL expo-
sures need to be examined separately to ensure that regulatory
limits are met. However, it is important to consider both
sources together when evaluating global EMF exposure in
real-world conditions, especially when assessing the impact
of newly deployed technologies. Hence, we need to provide a
comprehensive and accurate evaluation of the overall global
exposure, which takes into account all of the RF sources
that a person may be exposed to. In previous works such
as [15] and [16], the total dose metric has been utilized.
This metric calculates the product of the specific absorption
rate (SAR) and the duration of exposure, providing an
accumulated exposure over time. However, for evaluating
average global exposure, the exposure index (EI) introduced
in the European (EU) project LEXNET [11], [39], [40], [41]
has been employed. EI takes into account the overall EMF
exposure of a population within a specific area and duration,
providing an average representation of exposure. More details
about the EI are found in Section II.

After a comprehensive review of the literature, it has been
observed that there is a significant research gap regarding
the evaluation of the impact of indoor DAS on global EMF
exposure. To address this need, an extensive measurement
campaign was carried out in various environments, including
the organization’s premises (referred to as the campus) and
two underground subway stations located in France. The
campus served as a representative workplace environment
where individuals spend the whole day. In contrast, the
underground subway stations were selectively chosen as
they are frequently crowded with people. The measurements
covered a wide range of conditions and considered various
usage services. These services included data uploading, voice
over LTE (VoLTE), voice calls, and WhatsApp video calls, all
operating across fourth-generation (4G) and third-generation
(3G) frequency bands. By conducting measurements in
these distinct settings and with the capability to activate
or deactivate the DAS antennas, the study aims to provide
comprehensive insights into the EMF exposure resulting from
indoor DAS installations.

The paper is organized as follows. Section II introduces
the concept of the global exposure EI. Section III describes
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the measurement campaigns, including an overview on the
indoor environments and a description of the protocols
employed for both UL and DL measurements. Section IV
presents the separate results of DL and UL, as well as their
combination into EI. A general discussion is provided in
Section V. Finally, we conclude the paper in Section VI.

Il. GLOBAL EXPOSURE

Global exposure provides an accurate and comprehensive
assessment of a person’s overall exposure, including both
DL and UL. It takes into account all potential sources
of RF radiations that an individual may be exposed to,
such as mobile phones, base stations, femtocells, and WiFi
routers. In order to assess the global exposure induced
simultaneously by all these sources, a novel exposure metric
has been defined within the framework of the EU project
LEXNET [11], [12], [39]. The EI metric covers the global
EMF exposure of a population over a given time frame in a
specific geographical area, incurred by a particular wireless
telecommunication network or a set of networks. The way
to build the EI is based on a chain of exposures covering all
the relevant configurations we are dealing with, as depicted
in Fig. 1. Individual exposure contributions are aggregated
over different radio access technologies, cell types, usage
services, etc. Further details about the formulation and the
calculation of the EI are given in [11], [12], and [39], with
some comprehensive examples on EI integration in [40]
and [41].

In the present work, we consider a partial EI in order
to emphasize the impact of deploying indoor DAS on the
global exposure. Thus, we simplify the calculation of EI
by considering few configurations of interest and ignoring
all the other ones. The partial EI is averaged over a given
exposure time duration (7") and integrates contributions from
several technologies at different frequency bands (f) and
from different usage services (u). Indeed, EI is calculated by
weighting the measured incident power density (gfi"") from
each source by a DL reference SAR value (SAR]?L), and on
the other hand, by weighting the mobile phone output power
( ) for each usage service by a corresponding UL reference
SAR value (SAR]%). Both quantities provide the amount of
RF energy absorbed by the body tissue. More clearly, the
average partial EI is computed as:

1 DL DL ol
El = - ; [;f x SARP™ x §{'¢

+Zz‘{{; x SARY™ x P’ u], 1)
u

DL
where 7

UL (per usage serv1ce u), respectively. We note that S inc and
PTX are average values obtained from measurements, where
the former is derived from the E-field strength values.

The individual exposure contributions rely on the SAR
(expressed in W/Kg), which depends on several aspects,

and tUL are the exposure time duration for DL and
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FIGURE 1. El concept and formulation: the chain of exposure [12], [39].

TABLE 1. Reference whole-body SAR data for an adult model Duke while
using a mobile phone [11].

Frequency band
WBSAR (W/K2) 500 MHz | 1940 MHz | 2600 MHz

Voice Sitting DL 0.0056 0.0043 0.0039
UL 0.012 0.0052 0.0047

Voice Standing DL 0.0052 0.0046 0.0042
UL 0.012 0.0052 0.0053

Data Sitting DL 0.0046 0.0043 0.0038
UL 0.0056 0.0081 0.0037

Data Standing DL 0.0052 0.0047 0.0042
UL 0.0049 0.0039 0.0029

including the anatomy, the dielectric properties of human
biological tissues, and the source itself (e.g., its emitted
power, its relative location, and the frequency band).
Within the LEXNET project, a set of numerical dosimet-
ric simulations, e.g., Finite Difference in Time Domain
and Finite Integration Technique, has been conducted to
provide a comprehensive matrix of raw reference SAR val-
ues [12], [39], [42], [43]. These simulations have considered
different numerical human models, postures (e.g., sitting and
standing), service usages (e.g., voice and data), and frequency
bands. The UL reference SAR (SARUL) has been calculated
for various wireless devices (1nclud1ng smartphones, tablets,
and laptops) and normalized to a transmitted power of 1 W.
The DL reference SAR (SAR?L) has been obtained using
a plane wave model and normalized to a received power
density of 1 W /m?. These normalized SAR values can be
whole-body (WBSAR) or localized SAR values. WBSAR
values are obtained by averaging SAR over the whole body
mass, while localized SAR values are assessed over specific
organs, and for regulatory compliance, over a 10g cube.
In Table 1, the reference WBSAR values are given for an adult
model Duke (a male of 34 years old from the Virtual Family
database [44]), while using a mobile phone in two different
postures and at different frequency bands.

IIl. MEASUREMENT DESCRIPTION AND PROTOCOLS

A. MEASUREMENT ENVIRONMENTS

During almost two weeks on November 2021, measurement
campaigns were carried out in an organization’s building
(referred to as the campus) and two underground subway
stations located in France. These indoor locations have been
deployed with DAS with the initial motivation being to
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FIGURE 2. The distribution of measurement points and DAS antennas on
(a) : the campus Fl1, (b): the campus FI2, and (c): both SS1 underground
platform and stairs.

provide good quality of service by extending the coverage of
the outdoor cellular network. On the one hand, the campus
has been built to limit energy leakage. Because of that,
the signals coming from outdoor base station antennas do
not guarantee good quality of service to users inside the
building. Moreover, according to public accessible database
(i.e., cartoradio [45]), the closest outdoor base station to the
campus is located relatively far away, at a distance of about
610 m. Regarding the subway stations, multiple outdoor base
stations are closely deployed around each station but they
weakly pass through the underground floors and platforms.
We refer to each subway station by Subway Station 1 (SS1)
and Subway Station 2 (SS2).

The campus is a 4-floor building, where each floor has a
ring-shaped layout and all the offices are distributed along
the ring. The measurements were realized at two floors, i.e.,
floor 1 (F11) and floor 2 (F12), whose floorplans are shown in
Fig. 2a and 2b. It is worth noting that several omni-directional
ceiling-mounted DAS antennas are distributed throughout
the same floor but also across different floors, all belonging
to the same DAS system. Each DAS antenna is connected
via optical fiber to a central unit known as the Master
Unit, which provides the interface with the base station.
This interface allows the Master Unit to receive wireless
signals from the base station and efficiently distribute them

70590

to all the connected antennas within the DAS network.
In this system, the DAS antennas operate over the 2600 MHz
and 2100 MHz frequency bands for 4G and 3G wireless
connections, respectively, serving a single operator.

Within SS1, measurements were performed on three
different levels: the underground platform, the ground floor,
and a very long staircase that connects underground and
ground floors. While the ground floor is deployed with a
ceiling-mounted omnidirectional DAS antenna, the other two
are deployed with wall-mounted directive DAS antennas.
Within SS2, we carried out measurements at the underground
platform and the ground floor, where wall-mounted directive
DAS antennas are installed. The DAS in both stations
operates almost over all cellular bands (ranging from
700 MHz to 2600 MHz) of the four French operators.
Similarly to the DAS system deployed on the campus, the
DAS antennas in both subway stations, located at different
floors and within the tunnels, are all part of the same
DAS network. This arrangement is optimized to ensure
that wireless signals are distributed evenly throughout the
stations and tunnels, providing seamless wireless coverage
for passengers in motion inside the train or in the subway
station. It is important to note that, for security reasons,
the directional DAS antennas within the tunnels were not
switched off during all the measurements. This configuration
may have an impact on the results if the RF signals emitted
by these DAS antennas reach the underground platform,
especially when the DAS antenna on the platform is switched
off. Nonetheless, this setup represents a realistic use-case
scenario where an additional far-away RF source is present.

For each considered environment, measurement points
were selected to cover each floor according to several
distances to the DAS antenna, thus covering a large dynamic
range. Fig. 2 shows the distributions of these measurement
points on each floor of the campus, SS1 platform and SS1
ground. SS2 platform shares nearly the same measurement
points distributions as SS1 platform, shown in Fig. 2c. The
locations of DAS antennas are marked with yellow stars.

B. DOWNLINK MEASUREMENT PROTOCOL

The DL exposure is assessed by measuring the electric
field (E-field) strength using the Tektronix USB RSA306B,
which is a real-time spectrum analyzer (RTSA). For EMF
exposure measurement, the RTSA is modified to incorporate
RF switching across the three axes of the tri-axial antenna.
This modification allows for isotropic E-field strength
measurements, which are calculated as the root sum square of
the three components of the E-field (Ex, Ey, and E;) obtained
from the tri-axial antenna. The equipment setup is illustrated
in Fig. 3.

Regarding the measurement design, we first identified,
for each DAS antenna, the specific point where the E-field
strength reaches its maximum value. This was accomplished
by scanning the surrounding environment using a wideband
field meter. Subsequently, in addition to that maximum point,
we selected several other measurement points to ensure
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FIGURE 3. The real-time spectrum analyzer Tektronix RSA306B,
connected to a tri-axial antenna via a switch.

coverage of all potential user locations on each floor. At
each measurement point, the tri-axial antenna was placed at
a height of 1.5 m and the measurement process consisted of
30 repetitions with a total duration of approximately 15 min.
The E-field measurement was carried out across all the
frequency bands of the DL for all network providers. This
enables the computation of the total E-field by integrating
the squared values over all the available frequency bands.
The measurements were conducted twice, with the DAS
antennas being alternately turned on and off. We refer to these
scenarios as ‘DAS on’ and ‘DAS off’, respectively. We note
that these measurements do not follow an accredited protocol
such as that of the ANFR protocol [46], which concerns
conformity control and aims to measure at 3 different heights
at specifically the point where the wideband E-field strength
is the highest.

C. UPLINK MEASUREMENT PROTOCOL

The UL exposure is characterized using a drive test solution
(the Nemo Handy from KeySight [32], installed on Samsung
Galaxy S8 and S20 5G). The drive test solution is a
modified-software based mobile phone that allows recording
network parameters. The UL exposure depends on multiple
factors, including the power emitted by the phone and its
relative position with respect to the user. These parameters
are directly influenced by the phone usage. Additionally,
for certain usages, the data throughput also plays a role as
it is inversely proportional to the duration of UL exposure
time. Considering the intermittent nature of the UL exposure,
the Nemo Handy was scheduled to automatically perform
the following usages: 1) Circuit voice call, 2) VoLTE,
3) WhatsApp video call, 4) data uploading through file
transfer protocol (FTP), and 5) FTP data downloading.
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FIGURE 4. Statistical distribution of the total E-field (V/m) for ‘DAS on’
scenario: (a) the campus, (b) SS1 and SS2.

For circuit voice calls (occurring over 3G connections) and
VOLTE calls (occurring over 4G connections), each voice call
lasts 2 min. We note that the experimenter was holding the
Nemo Handy close to his ear and established a conversation
with another remote person in order to emulate a normal
traffic. We also utilized the same settings for the WhatsApp
video call (occurring over either 3G or 4G connections),
with a difference that the mobile phone was held in front of
the person. For data uploading to an FTP server, 100 MB
file size (UL100) was used for ‘DAS off’ scenario or over
3G connections. In contrast, for ‘DAS on’ scenario over 4G
connections, both 100 MB and 500 MB file sizes (UL500)
were used alternatively. Also, a 500 MB file (DL500) was
downloaded over 4G connections. For data downloading and
uploading, the mobile phone was held in front of the person.

IV. RESULTS

A. ANALYSIS OF DL EXPOSURE

The DL exposure induced by base stations and/or DAS
antennas was measured covering the area on the campus and
two underground subway stations for both ‘DAS on’ and
‘DAS off” scenarios. The results are reported in Table 2,
where for each measurement point, the total E-field is
averaged over 30 repetitions. Then, for each floor, an average
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TABLE 2. Average total E-field (V/m) for each measurement point in different locations. (NF = Noise Floor).

. Measurement points s
DAS Location P1 P2 P3 P4 Ps P6 P‘? P8 P9 P10 P11 P12 Mean | std deviation
SS1 Platform | 1.39  2.03 1.2 086 047 042 - - - - - - 1.2 0.7
SS1 Stair 025 0.86 044 - - - - - - - - - 0.57 0.35
SS1 Ground 2.14 - - - - - - - - - - 2.14 0.29
ON SS2 Platform 1.2 1.58 0.54 0.62 0.5 038 024 0.19 - - - - 0.8 0.53
SS2 Ground 1.35 0.3 038 027 046 045 0.61 0.29 - - - - 0.61 04
Campus FI1 0.62 1.12 0.65 055 027 029 032 064 1.0 097 032 020 0.66 0.37
Campus FI12 1.03 056 0.77 054 051 025 034 032 028 084 025 022 0.56 0.37
SS1 Platform NF NF NF NF NF NF - - - - - - NF -
SS1 Stair NF NF NF - - - - - - - - - NF -
SS1 Ground 0.48 - - - - - - - - - - - 0.48 0.31
OFF  SS2 Platform NF NF NF NF - - - - - - - - NF -
SS2 Ground 0.25 - 0.28 - - - 0.35 0.23 - - - - 0.28 0.2
Campus F11 NF NF NF NF NF NF NF NF NF NF NF NF NF -
Campus FI12 NF NF NF NF NF NF NF NF NF NF NF NF NF -
1 2.5
I SS1 platform P2
71551 ground P1
08r 2 1| ss1 stair P2
L £
0.6 =
é a 15
0.4] 2
e 1
L
0.2
0 I [ T I I T
0 0.5 1 1.5 2 2.5 3 3.5 0

E field (V/m)

FIGURE 5. Statistical distribution of the total E-field at SS1 platform for
‘DAS on’ scenario across different measurement points.

E-field and a standard (std) deviation are computed after
aggregating all the 30 repetitions of all the measurement
points, whose cumulative distribution functions (CDF) are
displayed in Fig. 4 for ‘DAS on’ scenario. Starting with ‘DAS
off’ scenario, we notice that the E-field strength values at
most selected indoor places are less than the noise floor (NF)
of the equipment, which is equal to 0.04 V/m. This means
that these values are very low. The exception occurs for the
ground levels of both subway stations, where the E-field
strength presents non negligible values above the NF, varying
between 0.23 V/m and 0.48 V/m. These results confirm our
observations related to cartoradio (in Section III-A), where
nearby outdoor base stations allow radio covering of the
ground levels of both subway stations but are not able to reach
the underground levels. For the campus, outdoor base stations
are relatively far away.

For ‘DAS on’ scenario, the average total E-field strength
values change between 0.25 V/m and 2.14 V/m for SS1, while
they are between 0.19 V/m and 1.58 V/m for SS2. For both
floors of the campus, these values change between 0.2 V/m
and 1.12 V/m. Obviously, turning on the DAS slightly
increases the DL E-field levels. The statistical distribution of
the total E-field strength at each measurement point on the
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FIGURE 6. Average E-field per frequency band and average total E-field
across different floors of SS1 for ‘DAS on’ scenario.

SS1 platform is shown in Fig. 5. According to the floorplan
in Fig. 2c, the point P2 corresponds to the maximum E-field
point where the E-field reaches the maximum value. The
distances to the DAS antenna are increasing from points P3 to
P6, implying a decrease on the E-field strength. Even though
P1 is the closest point to the DAS antenna, the E-field is not
the highest because it is not located in the main direction of
the antenna. Similar results are seen for SS2 platform.
Furthermore, we show in Fig. 6 the variation of the E-field
values over the cellular frequency bands for three selected
points on different floor levels of SS1. Each selected point
corresponds to the maximum E-field value. The results show
that the decomposition of the E-field over the frequency
bands differs with the location as well as with the radio
technology. Most DL exposure is due to the 2600 MHz
LTE frequency band for both SS1 platform and stair, and
the 900 MHz UMTS/GSM frequency band for SS1 ground
level. Table 3 shows the E-field values per frequency band,
averaged over all the measurement points of each floor.
We note that in the campus, just two technologies are
available: i.e., 4G over 2600 MHz and 3G over 2100 MHz,
where 70% of the DL exposure is due to the 2600 MHz
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TABLE 3. Average E-field per frequency band in different locations for ‘DAS on’ scenario.

Mean E (V/m) Percentage limit (%)

Location 700 800 900 1800 2100 2600 | 700 800 900 1800 2100 2600
SS1 Platform | 0.36 042 044 0.36 0.43 0.76 1 1.08 1.07 0.62 0.7 1.25
SS1 Stair 0.12  0.11 022 0.22 0.15 042 | 033 029 055 038 0.25 0.7

SS1 Ground 0.88 056 129 094 0.72 0.66 | 244 144 3.5 1.62 1.18 1.08
SS2 Platform | 0.22 027 048 0.21 0.33 036 | 0.61 069 1.17 0.36 0.54 0.59
SS2 Ground 0.22  0.27 0.3 0.17 024 028 | 0.62 0.7 0.72  0.29 0.39 0.45
Campus Fl11 - - - - 0.21 0.62 - - - - 0.34 1.02
Campus FI12 0.24 0.5 - - - - 0.39 0.82

frequency band. Moreover, Table 3 shows the percentage ratio
of the E-field to the corresponding ICNIRP limits [7], with
a maximum value of 3.15%. This means that even though
deploying indoor DAS antennas increases the E-field values
(or alternatively the DL exposure), these values remain very
far below the standard limits.

B. ANALYSIS OF UL EXPOSURE

Unlike the DL exposure, the UL exposure is sporadic and
relies on the mobile phone usage. Accordingly and given that
Nemo Handy allows recording values every 1 second, the
number of samples per usage service can not be constant.
For instance, it is inversely proportional to the throughput
for data uploading/downloading while considering the size of
the transferred file. Moreover, the statistics are constructed
over the available frequency bands and up to two network
operators. While only two frequency bands of a single
operator are available at the campus, the frequency bands
ranging from 700 MHz to 2600 MHz are available on
the subway stations. Due to some measurement constraints,
particularly for the subway stations, the UL measurements
using the Nemo Handy were not performed at all the planned
measurement points for each floor. However, they were
conducted at one or two points on each floor, including
the point of maximum E-field. Furthermore, we note that
the statistics size differs according to the active state of
the DAS antennas. For ‘DAS off” scenario, the cellular
connection may fail to be established and the usage service
may experience a poor quality and take a very long
time.

Starting with the measurements performed at the campus
for data uploading (UL100) over 4G connections, the results
of both mobile TX power and throughput at different
measurement points on both floors and for both ‘DAS on’
and ‘DAS off’ scenarios are shown in Fig. 7. With the DAS
turned off, the results show that the mobile phone emits very
high powers (almost equal or close to the maximum 23 dBm)
with low achievable throughput (changing from almost O up
to 10 Mbps). With turning on the DAS, we can easily notice an
opposite behavior where the TX powers explicitly decrease
(with values changing between -18 and 15 dBm) and the
throughput strongly increases (with values changing between
20 and 32 Mbps). We note that the variation over the different
measurement points is more random than in the case of
DL since the UL TX power relies on multiple parameters
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including the relative distance to the DAS antenna, the traffic
load, the shadowing (e.g., how we held the mobile phone),
the usage service, and the allocated resource blocks.

For each location and mobile usage service, TX powers
and throughput are averaged over the measurement points,
the frequency bands, and the network operators. The results
are summarized in Table 4 for both 4G and 3G connections.
Starting with data uploading over 4G connections, for
respectively SS1 platform, SS1 stair, and SS1 ground, the TX
powers are 18.5,22.1, and 19.1 dBm for ‘DAS off” scenario,
while they are 8.4, 9.2, and 4 dBm for ‘DAS on’ scenario;
the throughput are 43.7, 1.7, and 14.2 Mbps for ‘DAS off’,
while they are 40.8, 35.3, and 34.4 Mbps for ‘DAS on’. From
‘DAS off’ to ‘DAS on’ scenarios, TX powers are reduced by
factors of about 10, 13, and 15 dB for respectively platform,
stair, and ground. An important increase on the throughput is
shown for the stair with a factor of about 21. Much lower
factor is shown for the ground, with a value of around 2.
However, the throughput on the platform remains almost the
same for ‘DAS on’ and ‘DAS off’ scenarios. Similarly for
SS2, turning on DAS antennas decreases the TX powers with
approximately 9 dB and increases the throughput with factors
of 5.6 for SS2 platform and 2.2 for SS2 ground. Indeed for
respectively SS2 platform and SS2 ground, the TX powers are
about 21.9 and 18.7 dBm for ‘DAS off’, while they are about
12.3 and 9.4 dBm for ‘DAS on’ scenario; the throughput are
about 6.1 and 16.1 Mbps for ‘DAS off” while the values are
about 33.9 and 34.8 Mbps for ‘DAS on’.

At the platform and the ground level of the subway stations
for ‘DAS off’ scenario, the TX powers are almost 4 dB
lower than the UE maximum output power, i.e., 23 dBm.
Moreover, the throughput is very high, even very close to
that of ‘DAS on’ scenario. These results at the ground level
and the platform are respectively explained by the alternative
or additional coverage ensured by outdoor base stations and
DAS antennas of the subway station’s tunnel, which remain
enabled all the time. More specifically, we note that the
throughput at SS1 platform is slightly higher in the case
of ‘DAS off’ than in the case of ‘DAS on’. In addition to
the previous reason, we note that the average throughput for
‘DAS on’ scenario is decreased due to connections over the
800 MHz frequency band, which does not exist for ‘DAS
oft” scenario. Indeed for ‘DAS on’ scenario, the throughput
at 800 MHz is almost the half of that provided by 2600 and
1800 MHz.
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FIGURE 7. Variation of both (a) average TX power and (b) average
throughput across the measurement points, when considering UL100
over 4G connections at the campus.

Almost similar trends are seen for the remaining mobile
usages for both 4G and 3G connections. Furthermore, we note
that the connection in most ‘DAS off” scenarios was very poor
since it was difficult to establish a voice call, which did not
connect easily most times or dropped quickly. For the video
calls, the video quality was very poor and distorted. This
reveals that deploying indoor DAS antennas can decrease
the average TX powers and increase the average throughput,
resulting in less UL exposure as well as better connection
quality.

C. IMPACT OF DAS ON THE GLOBAL EXPOSURE

As explained previously, EI allows assessing the global
exposure taking into account simultaneously the UL and the
DL. According to equation 1, we compute average partial EI
values per floor for each given location and for ‘DAS on’ and
‘DAS off” scenarios. We calculate the EI for an UL operating
specifically on the 2600 MHz frequency band, while the DL
covers all available frequency bands. Moreover, we take into
account the position of the individual, such as a sitting person
at the campus or a standing person in the subway station,
and subsequently choose the appropriate reference WBSAR
value (from Table 1) based on the type of usage service
being used (i.e., voice or data). In particular, we select the
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WBSAR corresponding to data for both video calls and data
uploading since the mobile phone is assumed in front of the
human body. As the average EI is computed per floor, the
average incident power densities per frequency band (S’}”“)

and average mobile emitted powers (I_JfT?,i) are obtained from
Table 3 and Table 4, respectively. In order to emphasize the
impact of deploying indoor DAS antennas on the global EMF
exposure, we evaluate the ratio of the El in ‘DAS off” scenario
to the EI in ‘DAS on’ scenario, i.e., EI ratio=EI (DAS off) /
EI (DAS on).

In a typical subway station, a passenger spends around few
minutes at the platform while waiting to take the train. This
duration could change on average from few seconds up to
7 min (1 train every 3 to 7 min). Therefore, we consider a
total exposure time duration of 7 = 7 min for the subway
station case, regardless at which floor the person is. Given
that the campus is a working place, we consider an exposure
time duration of T = 8 hours, corresponding to the average
working hours per day in France. The UL exposure duration
depends on each usage service u. We consider, respectively
for the subway station and the campus, 2 min and 30 min for
the data uploading; 2 min and 10 min for the VoLTE/video
call. For the UL part, we evaluate EI for several combinations
of usage services, i.e., DL 4+ UL100, DL + VoLTE, DL +
video call, and all (DL + ULI100 4+ VoLTE + video
call), which allows accounting for different types of user
profiles.

The results of the EI ratios between ‘DAS off” and ‘DAS
on’ are presented in Fig. 8. These ratios differ from one
location to another. EI ratios higher than 5 are seen for SS1
stair, SS2 platform, and both floors of the campus, where
there is no radio coverage when DAS is turned off. With
turning on the DAS antennas, the global exposure EI is
decreased with at least a factor of 5. This means that, for ‘DAS
on’, the decrease in the UL exposure is much more important
than the increase in the DL exposure. On the other hand,
small EI ratios (between 1 and 4) are seen for the remaining
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TABLE 4. Synthesis of UL exposure parameters (TX power and throughput) for both 4G and 3G connections.

TX power (dBm) Throughput (Mbps)
DAS Location 4G 3G 4G 3G
UL100 (500) VoLTE VideoCall | UL100 VoiceCall VideoCall | UL100 (500) DL500 | UL100
SS1 Platform 8.4 0.1 22 -42.5 -26.3 -35.9 40.8 104.5 29
SS1 Stair 9.2 34 24 -29.3 -20.3 -234 353 126.5 2.7
SS1 Ground 4 -6 -1.1 -35.7 -27.1 -33.1 344 133.3 2.6
ON SS2 Platform 123 7.6 8.1 227 -14.4 -16.4 33.9 105 3
SS2 Ground 9.4 10.3 124 -19.3 -4.3 -18.8 34.8 - 2.3
Campus Fl1 6.1 (7.1) -5.7 6.7 -38.1 -25.1 -40 26.9 (27.7) 85.1 3.7
Campus FI12 -5.1(-1.8) -7.1 55 -45.3 -33.7 -41.8 24.6 (26.4) 774 4.1
SS1 Platform 18.5 12.5 144 6.1 -6 7.1 43.7 494 1.3
SS1 Stair 22.1 22.5 20.2 20.4 2.3 19.8 1.7 - 0.2
SS1 Ground 19.1 18.9 18.4 -3.2 -8.4 -3.7 14.2 16.6 2.1
OFF  SS2 Platform 21.9 21.8 21.7 21.1 18.4 18.9 6.1 22 0.5
SS2 Ground 18.7 15.1 16.1 -20.3 -17.6 -14.9 16.1 - 2.4
Campus F11 22.6 23 23 18.2 - - 1.1 - 0.4
Campus FI12 21.9 (22.6) 23 23 19.8 - - 4.4 (0.7) - 0.5

locations, i.e., SS1 platform, SS1 ground, and SS2 ground.
While SS1 ground and SS2 ground are covered with outdoor
base stations, SS1 platform is covered with DAS antennas
of the tunnel. This implies that the relative decrease in the
UL exposure with respect to the increase in the DL exposure
with turning off the DAS is less significant than the previous
case. Furthermore, for each location, the EI ratio changes
according to the usage service. This depends on how the
person is handling his mobile phone (e.g., on the head or in
front of the human body). It is also related to how much the
DAS antennas will decrease on average the UL exposure with
respect to the DL. It is noteworthy that the EI ratios given
in Fig. 8 are average values and might change with the user
profile, depending on which usage services he is using and
for how long duration.

V. DISCUSSION

We carried out measurement campaigns in two subway
stations and an organization’s building, where we had the
capability to selectively turn off specific DAS antennas.
This enabled us to assess the contribution of these DAS
antennas to the overall EMF exposure. Our study revealed
that the deployment of indoor DAS systems leads to a slight
increase in the radiated E-field (DL exposure), accompanied
by a heavily reduced output power of mobile phones and
improved overall throughput. As a result, there was an
average decrease in the global EMF exposure as measured
by EI. These trends were consistent with observations
made when comparing the behavior of femto or small cell
networks to macro cell networks in various settings and
environments [15], [16], [18].

The exposure index EI was computed using specific
assumptions on time usage, which are based on the charac-
teristics and nature of the selected environment. The EI was
also analyzed for various combinations of usage services.
Overall, while these assumptions may not be accurate
for every individual, they provide a useful framework for
understanding and analyzing behavioral trends for various
types of users. To further enhance the analysis, it would
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be beneficial to consider different types of user profiles in
diverse scenarios, as addressed in [40], and [41].

On the other hand, the results highlighted that the extent
of global exposure reduction in a given area is heavily
influenced by the presence of additional RF coverage.
Significant reductions in EI were observed in scenarios
where there was minimal additional RF coverage, such as
the campus and the stair in SS1. These findings emphasize
the need for proactive and optimized planning strategies
for DAS deployment to effectively manage both network
performance and EMF exposure, particularly in environments
with varying levels of RF coverage. While the presented
results provide insights into various configurations and
scenarios, it is important to note that the degree of global
exposure reduction may vary depending on several factors
as discussed previously. Nevertheless, these findings can
be extrapolated and generalized to similar environments,
serving as a basis for understanding and addressing EMF
exposure concerns while considering the specific aspects and
requirements of each setting.

The EI was computed using the whole body SAR, which
is appropriate for evaluating the overall impact of DAS
on the average EMF exposure of a population in a given
area. This approach is justified since the UL exposure in
this study considers various phone usages that may affect
the SAR distribution across different organs of the body.
For instance, during voice calls, when the mobile phone
is held against the ear, the exposure is concentrated in the
brain [25]. Conversely, during data uploading/downloading
and WhatsApp video calls, the mobile phone is typically
held in front of the body. However, it is important to
acknowledge the uncertainty in our assumptions, as users
may utilize alternative methods such as speaker mode or
earphones, which could alter the specific exposure patterns.
Furthermore, additional uncertainties can arise from factors
such as the mobile phone model, including the location
of the transmitter antenna, antenna switching capabilities,
time average SAR (TAS), and other related parameters.
These factors can introduce variability in the actual SAR
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distribution. Nevertheless, despite these uncertainties, the use
of whole body SAR provides a practical and reasonable
means to assess the average EMF exposure in the context of
our study.

VI. CONCLUSION

The objective of the present work is to assess the contribution
of distributed antenna systems on the global human exposure.
This is achieved by conducting a measurement campaign
in an organization’s building (known as the campus) and
two subway stations, with the capability to turn on and
off the DAS antennas. With turning on the DAS antennas,
the E-field strength slightly increases with highest values
shown in the immediate vicinity of DAS antennas, either
under the omnidirectional antenna or in front of the directive
antenna. However, these values are very far below the
ICNIRP limits, with a maximum percentage limit of 3.15%.
Furthermore, the results showed that deploying an indoor
DAS improves the radio coverage, in terms of throughput,
while significantly decreases the power emitted by the mobile
phone. This implies a significant decrease in the UL exposure.
Considering both UL and DL, the average global exposure,
quantified with the exposure index EI, is reduced with
activating the DAS antennas. The reduction factors depend on
the usage service, the posture, and the user profile. Moreover,
these factors depend on whether additional distant RF sources
are present. For instance, very high reduction factors are
shown for location where there is no additional RF coverage.
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