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Abstract— Device-free localization (DFL) will enable several
use cases of fifth generation (5G) and beyond 5G (B5G) ecosys-
tems that rely on position information of non-collaborative
targets. While current 5G systems support device-based local-
ization, their sensing capabilities for providing DFL have not
been unleashed. This letter presents an experimentation and
measurement campaign for outdoor device-free target detection
and localization using as transmitter a 5G fixed wireless access
at millimeter waves (mm-Waves), namely in the 28 GHz band.
Specifically, the experimentation focuses on exploring the sensing
capabilities of 5G systems to determine the positions of device-
free targets. Experimental results show the potential of 5G DFL
at mm-Waves.

Index Terms— Device-free localization, 5G, mm-Waves, angle
estimation, experimentation.

I. INTRODUCTION

LOCATION AWARENESS is crucial in 5G and B5G
ecosystems [1], [2], [3], [4] to enable several applica-

tions and use cases, including intelligent transportation, public
safety, and smart environments. Current 5G standardization
supports localization of collaborative targets (e.g., people,
vehicles, and objects) equipped with user equipments (UEs) or
dedicated devices [1]. The integration of sensing capabilities in
5G ecosystems will enable use cases relying on position infor-
mation of non-collaborative targets that do not exchange radio
signals by means of a specific device [3], [5]. In particular,
DFL requires sensing and processing the reflections caused by
non-collaborative targets [6], [7], [8]. Accurate detection and
localization of device-free targets using 5G systems is difficult
since their sensing capabilities have not been unleashed.

In 5G ecosystems, DFL relies on measurements obtained
by receivers that process signals emitted by 5G base stations
(BSs) or UEs and reflected by targets. For example, 5G fixed
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wireless access (FWA) technology can provide ubiquitous
emissions for DFL due to its widespread deployment [9].
Specifically, the receivers can be dedicated sensors or 5G
nodes that collect direct signals from transmitters and signals
reflected by both the background and the targets [2], [3].
Performance requirements for DFL in 5G ecosystems include
localization accuracy, as well as misdetection and false alarm
rates [3]. While 5G standardization specifies reference signals
for device-based localization [1], 5G DFL can rely either
on dedicated waveforms (i.e., reference signals for sensing)
or communication signals already in the air (i.e., signals of
opportunity in passive radar settings [10], [11], [12]). With the
adoption of frequency bands at mm-Waves, i.e., the frequency
range 2 (FR2) in 5G specifications [13], localization and
sensing capabilities are enhanced due to the use of greater
bandwidth and large antenna arrays [14], [15]. In partic-
ular, beamforming is a key enabler for communication at
mm-Waves [16], [17], additionally allowing sensing in the
angular space [18], [19], [20].

Initial efforts by the 3rd Generation Partnership Project
(3GPP) on integrated sensing and communication (ISAC) in
5G ecosystems have focused on describing use cases and
potential requirements to collect sensing information [3]. How-
ever, standardized sensing procedures for 5G ecosystems are
still missing since their sensing capabilities, especially those
exploiting existing functionalities, have not been explored.
While the vision of B5G networks has motivated the design
of new waveforms for ISAC [5], 5G systems offer the pos-
sibility of integrating DFL without modifying neither the
standardized signaling nor the baseband processing. Coherent
target detection using sub-6 GHz 5G signals has been demon-
strated via experimentation with dedicated receivers [21], [22].
In addition, time-difference-of-arrival (TDOA) and angle-of-
arrival (AOA) estimation for DFL using 5G mm-Wave signals
has been studied via simulation [23]. Furthermore, extensive
measurement campaigns have been performed to characterize
wireless propagation at mm-Waves [24], [25], [26]. However,
those experiments are not suitable for the characterization of
DFL since they do not explicitly consider the reflections from
device-free targets. Compared to 5G device-based localiza-
tion [2], ISAC [5], and DFL via mm-Wave radar [27], research
on 5G DFL at mm-Waves is limited.

The goal of this letter is to show the potential of 5G DFL
at mm-Waves via experimentation. We believe that DFL at
mm-Waves can be seamlessly integrated into 5G ecosystems
by unleashing their sensing capabilities without modifying
the standardized signaling and baseband processing. The key
idea consists of exploiting beam sweeping procedures of 5G
systems to obtain position information of device-free targets.
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Fig. 1. Views of: (a) experimentation environment with a pair of receiver and target positions; and (b) experimental setup with a vehicle as a static target
(Map data: Google Earth©, 2023).

This letter presents an experimentation and measurement
campaign for device-free target detection and localization
using a 5G FWA at 28 GHz as transmitter in an outdoor
parking lot. The experiments focus on exploring the sensing
capabilities of 5G systems at mm-Waves to provide DFL.
The key contributions of this letter can be summarized in
the following.
• Exploration of 5G DFL at mm-Waves via experimenta-

tion in an outdoor environment.
• Quantification of 5G DFL performance via simulations

based on models extracted from measured data.
The remaining sections are organized as follows: Section II

describes the measurement campaign. Section III presents
results on target detection. Section IV describes an angle
estimation method compatible with the current 5G architecture
and develops AOA measurement models. Section V presents
the 5G DFL performance based on the experimentation.
Finally, Section VI presents our final remark.1

II. MEASUREMENT CAMPAIGN

We present an experimentation that focuses on exploring the
sensing capabilities of 5G systems to detect and locate device-
free targets.2 In particular, the transmitter is a BS and the
receiver is a UE. In 3GPP specifications, the situation in which
a UE serves as the sensing receiver processing the received
signals and communicating the results to the 5G system is
referred to as transparent sensing [3, Section 5.4]. We consider
that the receiver employs beam sweeping procedures to sense
the environment similar to those used for communication and
device-based localization in 5G systems [17]. Specifically,
coarse AOA estimates are obtained by identifying the direction
of the beam with the highest received power [15]. Such
estimates are used to steer the beam toward the direction that
maximizes the signal-to-noise ratio and as measurements for
position inference. This sensing operation is analogous to that
employed in phased-array radar systems [6].

1Notations: Random variables are displayed in sans serif, upright fonts (e.g.,
x); their realizations in serif, italic fonts (e.g., x). Vectors are denoted by bold
lowercase letters (e.g., x). Sets are denoted by calligraphic fonts (e.g., S).

2The 28 GHz radio measurements used in this letter were conducted by
Samsung Research UK in the 5G VINNI test facility at BT Labs Ipswich,
UK, with support from BT Labs.

The experimental setup consists of a 5G FWA operating at
28 GHz under 5G Technology Forum specifications [28] and
a spectrum analyzer as transmitter and receiver, respectively,
in a bistatic configuration. The experimentation environment is
an outdoor parking lot located in front of an L-shaped building
on top of which the 5G FWA is installed (see Fig. 1(a)).
The 5G FWA emits a 5G probe signal with center frequency
and bandwidth of 27.35 GHz and 100 MHz, respectively. The
equivalent isotropically radiated power of the 5G FWA is
54 dBm. The spectrum analyzer measures the received power
using a 30◦ horn antenna with directional gain of 15 dBi.
The receiver is placed in different positions with the antenna
steered to prescribed directions covering the 360◦ angular
space. This experimentation approach reproduces practical
beam sweeping procedures that rely on measurements of
the received power [16], [17]. We consider the direction of
the direct path as the reference direction for each receiver
position. The direction of the direct path is determined by
searching for the direction with the highest received power
in line-of-sight (LOS) conditions. For each receiver position,
we perform multiple experiments involving both static and
mobile targets. The horizontal distance between the positions
of the 5G FWA transmitter and the receiver ranges from 53.2 to
80.1 m. The horizontal distance between the receiver and static
target positions ranges from 7.6 to 11.4 m. Fig. 1(b) shows the
experimental setup with a vehicle as a static target. Note that
the vehicle in the experimentation is an extended target due
to its size and separation distance with the receiver.

For the analysis, we consider the frequency-averaged and
time-averaged received power. Let Sθ(t, f) denote a realiza-
tion of the received power spectral density in the direction
θ at time t ∈ [ 0, To] and frequency f ∈ [ fL, fU], where To

is the observation time, and fL and fU are the lower and
upper frequencies of the measured bandwidth, respectively.
The frequency-averaged received power at time t is given by

γθ(t) =
∫ fU

fL

Sθ(t, f) df. (1)

The time-averaged received power at frequency f is given by

ϱθ(f) =
∫ To

0

Sθ(t, f) dt. (2)



GÓMEZ-VEGA et al.: DEVICE-FREE LOCALIZATION: OUTDOOR 5G EXPERIMENTATION AT mm-WAVES 2355

Fig. 2. Time-averaged received power of experiments with and without a static target and the antenna steered (a) 30◦ and (b) 60◦ anticlockwise from
the reference direction. The shaded areas depict the range of the measured power in the corresponding experiments. In these experiments, the horizontal
transmitter-to-receiver and receiver-to-target distances are 64.6 and 11.3 m, respectively. The center frequency corresponds to 27.35 GHz.

In addition, we consider measurements Pθ = γθ(ť) in the
direction θ sampled at generic times ť.

III. TARGET DETECTION

This section presents experimental results regarding target
detection, which is essential for DFL. The presence of static
and mobile scatterers in the environment generates background
clutter, i.e., undesired signal components that are not related
to targets and affect their detection [8], [29]. In addition, the
signal propagating via the direct path can leak into the received
waveform and mask weak reflections from targets [6], [7].

Fig. 2 shows the time-averaged received power ϱθ(f) of
experiments in a fixed receiver position with and without a
static target and the antenna steered 30◦ and 60◦ anticlockwise
from the reference direction. We consider a fixed target posi-
tion for each receiver position and steer the receiving antenna
in the presence and absence of the target. The receiver captures
reflections related to the target in these directions due to its
size and the beamwidth of the antenna. In these experiments,
the receiver captures strong signal components from the direct
path and clutter with the antenna steered 30◦ anticlockwise.
In contrast, the receiver does not capture significant contribu-
tions from the direct path and clutter with the antenna steered
60◦ anticlockwise. Note that, in the presence of the target,
the received power is higher compared to the case without
it. The differences (in dB) between the received power in the
experiments with the target and that of the experiments without
the target are 3.3 and 10.7 dB when the antenna is steered 30◦

and 60◦ anticlockwise, respectively. These results indicate the
feasibility of device-free target detection using 5G systems
operating at mm-Waves by performing sensing through beam
sweeping procedures, e.g., via non-coherent techniques based
on thresholds for the received power level.

Next, we analyze how the propagation loss at mm-Waves
can affect target detection by considering different distances
between transmitter and receiver. Table I shows the sample
mean of measurements Pθ in experiments with and without
a static target for different distances between transmitter and
receiver and various clutter conditions. The measurements with
and without the target are denoted by superscripts (T) and (N),
respectively. The table reports P

(T)
θ /P

(N)
θ (in dB) for further

TABLE I
SAMPLE MEAN OF THE FREQUENCY-AVERAGED RECEIVED POWER

WITH AND WITHOUT A STATIC TARGET IN DIFFERENT CONDITIONS

comparison. The levels of clutter are classified based on empir-
ical observations of the environment as Mild, Moderate, and
Severe. Note that the received power increases in the presence
of the target for all the experimental conditions. However, the
gain obtained in the presence of the target decreases either as
the distance increases or as the clutter conditions worsen. For
example, the ratio P

(T)
θ /P

(N)
θ decreases for the experiments in

mild clutter conditions as the distance increases. This decrease
with respect to the distance is due to the high propagation
loss characteristic of mm-Wave channels [24], [25], [26]. The
last experiment reported in Table I has a higher gain in the
presence of the target due to a different position of the vehicle
that is more favorable for reflecting the signal compared to the
rest of the configurations.

Consider experiments for a mobile target on a linear tra-
jectory of 12 m with a speed of 5 km/h. Fig. 3 shows the
frequency-averaged received power γθ(t) of experiments in
a fixed receiver position with the mobile target and the
antenna steered 45◦ and 60◦ anticlockwise from the reference
direction. It can be observed that the target enters into and exits
from the field of view of the considered beams. In particular,
the target can be detected by overlapping beams at the same
time instant (cf. Fig. 2 for the static target case) due to the
increase in the received power when it is within the area
covered by the beam. While the direction of the beam detecting
the target provides a coarse angle estimate, the information
from multiple beams detecting it can be used to improve the
accuracy.
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Fig. 3. Frequency-averaged received power of experiments with a mobile
target and the antenna steered 45◦ (beam A) and 60◦ (beam B) anticlockwise
from the reference direction. The shaded areas depict the time windows in
which the target can be detected by the beams indicated. In these experiments,
the horizontal transmitter-to-receiver distance is 68.5 m.

IV. AOA ESTIMATION AND MEASUREMENT MODELS

This section describes an angle estimation method com-
patible with the current 5G architecture and develops AOA
measurement models to explore 5G DFL at mm-Waves.

A. AOA Estimation
Consider a receiver sensing a wireless environment via beam

sweeping (see Fig. 1(a)). The receiver scans the environment
by steering Nb beams with index set Nb = {1, 2, . . . , Nb}
and detects a target in Nd adjacent and partially overlapping
beam patterns with indices Nd ⊆ Nb, e.g., by comparing the
received power level with a predefined threshold. The angle
at which the beam pattern j points with the direction of the
direct path as reference is denoted by θj . The AOA related to
the centroid of the detected target is denoted by ϕ. The goal is
to estimate ϕ based on the received power levels measured in
the directions {θj : j ∈ Nd}. In particular, the AOA estimate
is obtained via a weighted average given by

ϕ̂ =

∑
j∈Nd

Pθj
θj∑

j∈Nd
Pθj

. (3)

Note that the AOA estimates can be subject to biases
caused by imprecise beam steering. Hence, we consider AOA
estimates with and without the mitigation of such biases.
Considering a constant bias, an unbiased estimator can be
obtained by subtracting the mean of the biased estimator [30].
With the AOA estimation method in (3), the average absolute
errors result to be 0.43◦ and 1.23◦ with and without bias
mitigation, respectively. Moreover, the standard deviations of
the absolute error with and without bias mitigation result to
be 0.29◦ and 0.52◦, respectively. This shows that the proposed
technique can provide accurate AOA estimates in complex
wireless environments.

The proposed method relies on measurements of the
received power for Nd overlapping beam patterns detecting a
target. This method is compatible with standardized 5G beam
sweeping procedures providing such measurements. In partic-
ular, sensing with narrow beams can improve the estimation
accuracy. While more sophisticated AOA estimation methods
exist (e.g., see [20]), they are not fully compatible with

standardized 5G systems and may require dedicated receivers
or changes in the system architecture.

B. AOA Measurement Models

To explore 5G DFL at mm-Waves, we develop AOA mea-
surement models based on experimental data. Such models are
developed under the assumptions that the target is detected by
adjacent and partially overlapping beam patterns and that the
effects of the direct path and clutter are effectively mitigated.

The AOA measurement for a target with centroid in the
direction ϕ can be modeled as

= ϕ + (4)

with the random variable denoting the measurement error.
The distribution of the measurement error is obtained by
fitting its empirical distribution to a Gaussian mixture model
(GMM) via the expectation maximization algorithm [31]. Let
NG and θ = [ wT, µT, σT]T denote the number of mixtures
and the parameter vector with w = [w1, w2, . . . , wNG ]T,
µ = [ µ1, µ2, . . . , µNG ]T, and σ = [ σ1, σ2, . . . , σNG ]T. The
GMM for with parameter vector θ is given by

f̆(ε; θ) =
NG∑
i=1

wi ζ(ε; µi, σ
2
i ) (5)

with ζ(ε; µ, σ2) denoting the Gaussian distribution with mean
µ and variance σ2, and wi ∈ [0, 1] such that

∑NG
i=1 wi = 1.

To assess the quality of the models, we evaluate the Jensen-
Shannon divergence (JSD) [31]. Let f̂(ε) and f̆(ε) = f̆(ε; θ)
denote the empirical probability distribution function (PDF) of

and its fitted model, respectively. The JSD is given by

D(f̂∥f̆) =
∫ [

f̂(ε)
2

log
(

f̂(ε)
g(ε)

)
+

f̆(ε)
2

log
(

f̆(ε)
g(ε)

)]
dε (6)

with g(ε) =
[
f̂(ε) + f̆(ε)

]
/2. A small value of the JSD indi-

cates an accurate fit to the empirical distribution. Specifically,
the JSD for GMMs considering NG = 2 with and without bias
mitigation are 0.0057 and 0.0042, respectively, showing that
the representations of the empirical distributions are accurate.

V. DFL PERFORMANCE BASED ON 5G EXPERIMENTATION

In this section, we explore 5G DFL at mm-Waves via sim-
ulations based on the developed AOA measurement models.
Consider a multistatic DFL system consisting of a 5G BS
emitting mm-Wave signals and four UEs as sensing receivers
in an outdoor environment similar to that in the experimen-
tation. We consider a single target placed randomly in the
environment. The target position is estimated via least squares
using AOA measurements obtained from the developed mod-
els. We evaluate the localization performance in terms of
the empirical cumulative distribution function (ECDF) of the
position error.

Fig. 4 shows the ECDF of the position error considering the
AOA measurement models with and without bias mitigation.
The ECDF indicates the probability that the position error
is lower than or equal to the value in abscissa. Note that
the performance is significantly improved by mitigating the
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Fig. 4. 5G DFL performance at mm-Waves under AOA measurement models.

biases caused by imprecise beam steering. For example, the
position errors are below 1.37 and 2.93 m for 99% of the cases
considering the AOA measurement models with and without
bias mitigation, respectively. These measurement-based results
show the potential of 5G DFL at mm-Waves exploiting beam
sweeping at the receiver. While the experimentation employs
a probe signal, 5G DFL can exploit reference signals or reuse
communication signals. These architectural aspects integrate
seamlessly with existing procedures in 5G specifications [17].
In particular, extensive measurement campaigns and network
experimentation [32] in diverse environments are required for
the characterization and integration of DFL in 5G ecosystems.

VI. FINAL REMARK

This letter presented an experimentation and measurement
campaign for outdoor device-free target detection and local-
ization using a 5G FWA at 28 GHz as transmitter. Specifically,
we performed experiments to explore the sensing capabilities
of 5G systems for providing DFL. Experimental results show
the potential of 5G DFL at mm-Waves without modifying
standardized signaling and baseband processing by exploiting
beam sweeping procedures. In particular, the proposed AOA
estimation technique based on the directions of overlapping
beams detecting a target can achieve sub-degree accuracy
in combination with precise beamforming. The experimental
work in this letter paves the way for the characterization and
integration of DFL at mm-Waves in 5G and B5G ecosystems.
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