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 A B S T R A C T

The next generation of high-accuracy positioning services is required to satisfy the sub-meter accuracy level 
for more than 95% of the network area, including indoor, outdoor, and urban deployments. In this vein, inter-
agent measurements appear to provide additional position information and, hence, have the capacity to boost 
localization accuracy. This paper researches cooperative positioning techniques by means of device-to-device 
(D2D) and reconfigurable intelligent surfaces (RIS) technologies leveraging received signal strength (RSS) based 
ranging. We estimate the maximum capacities of the positioning systems in terms of accuracy through the 
Gaussian noise model, proposed universal theoretical distance-dependent noise model, and empirical noise 
model. We also evaluate the positioning error achieved by combining two or more technologies. Numerical 
results reveal the use cases advantageous for RIS- and D2D-aided localization. Then, based on the results, 
valuable guidelines are derived on the optimal sensor fusion metric – median – that minimizes the mean error 
of the cooperative localization.
1. Introduction

1.1. Research motivation

As the fifth-generation (5G) cellular system continues to spread 
worldwide, researchers are turning their attention to the development 
of sixth-generation (6G) mobile communication networks [1]. 6G is 
expected to provide intelligent and ubiquitous wireless connectivity 
with Terabits per second data rates and sub-millisecond latency over a 
three-dimensional (3D) network coverage. Acquiring accurate location 
information from MTs is becoming increasingly critical to achieving 
these goals, not only for location-based services but also for improv-
ing wireless communication performance in various ways, including 
channel estimation, beam alignment, medium access control, routing, 
and network optimization [2–4]. To achieve accurate localization and 
sensing systems, we can expect localization of end devices using 5G/6G 
technology to exploit D2D [5] and RIS cooperative techniques [6].
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Cooperative localization is a technology that holds great promise 
by providing additional information for positioning through the ex-
ploitation of cooperative links between multiple MTs. In D2D-aided 
cooperative localization, D2D links alleviate the requirement for all 
MTs to be connected to any of the available base stations (BSs), 
allowing multi-hop communications among densely located MTs to 
replace long-range BS-MT communications. Cooperative localization 
offers more accurate positioning and enhanced coverage compared to 
noncooperative localization due to the D2D links that have a better SNR 
and a lower probability of blocked LoS [7].

Indeed, the nLoS problem is one of the most significant challenges 
in the development of 6G wireless communication systems, which can 
significantly reduce the accuracy of wireless localization. Despite the 
potential benefits of using extremely high carrier frequencies, such as 
millimeter wave (mmWave) and terahertz (THz), and large antenna 
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arrays, the use of millimeter-scale wavelengths can result in severe path 
loss, particularly in NLoS scenarios. As a result, the blockage is a major 
barrier to the widespread adoption of accurate wireless localization 
systems operating in the mmWave and THz frequency ranges [8]. In 
this regard, RIS technology can help establish a LoS link between the 
transmitter and receiver, even in the presence of obstacles or when 
the power received from the direct path is insufficient for a reliable 
transmission [9].

Radio positioning involves solving a set of nonlinear equations using 
various location-related data, including time of arrival (TOA) and angle 
of arrival (AOA) measurements. The accuracy of these measurements 
directly affects the overall performance of the positioning process. The 
total number of available measurements in the system is influenced 
by factors such as the number of target nodes participating in the 
process, the number of anchor nodes deployed, and their geometric 
arrangement. In contrast, the accuracy of the measurements is affected 
by the signal characteristics and the estimation methods used.

Numerous location estimation techniques have been studied, each 
possessing unique advantages and drawbacks. Notably, methods such 
as TOA and time difference of arrival (TDOA) demand strict syn-
chronization, whereas the AOA approach requires complex receiver 
structures [10,11]. A common challenge associated with these systems 
is the complexity of the receivers. Many research studies continue 
to focus on the simple trilateration approach, which employs received 
signal strength (RSS) to mitigate this issue and simplify the receiver’s 
structure [12–14]. RSS is a widely utilized outdoor and indoor local-
ization method that relies on signal propagation measurements, which 
can be converted into distance measurements provided that suitable 
path loss models are employed.

In this paper, we investigate cooperative RSS-based localization 
using D2D and RIS technologies to enhance the localization accuracy 
in cellular systems by providing a high probability of LoS links. While 
considerable effort has been devoted to evaluating the performance 
of D2D and RIS-assisted localization systems individually and their 
communication performance comparison, a comprehensive analysis of 
these technologies from a localization perspective and the synergies 
resulting from their convergence has not been sufficiently explored, de-
spite the potential for new insights for both the research and industrial 
communities. This forms the basis for the present study.

1.2. Novelty and contributions

To the best of our knowledge, we are the first to (i) provide 
fundamentals of D2D- and RIS-aided cooperative positioning based on 
RSS ranging by relying upon the path loss models, (ii) perform their 
comparison not only from communication perspective but, differently 
from the state-of-the-art, also from localization ground, and (iii) pro-
vide a universal theoretical distance-dependent noise model that can 
be used, for example, for Cramer-Rao lower bound (CRLB) estimation. 
Using statistical tools, we also analyze the performance of joint local-
ization integrating cellular, D2D, and RIS cooperative systems. Main 
contributions of our work are summarized in detail as follows:

• We provide a CRLB procedure that can determine, before real im-
plementation, the maximum capacities of cellular, D2D, and RIS 
positioning systems in terms of accuracy. Also, usually, CRLB con-
siders only white Gaussian noise. We take into account LoS/nLoS 
conditions and distance-dependent 3GPP-compliant noise models as 
well;

• Noise and sometimes nLoS are typical uncertainties. However, noise 
models from the literature depend on several pre-established param-
eters (e.g., LoS probability) and can only be applied in certain en-
vironments. Our proposed theoretical distance-dependent noise model 
is universal for all technologies and all scenarios defined in 3GPP. 
In this case, the path loss equations and LoS probability should be 
recalculated for every environment based on distance. We compare the 
proposed theoretical model against the intuitive empirical one usually 
used in ray tracing algorithms;
2 
• We provide comprehensive D2D- and RIS-aided cooperative local-
ization comparison using ranging technique. In addition, we offer a 
summary of their comparison from a communication perspective in 
Section 2.3;

• We provide a collection of localization equations for D2D- and RIS-
aided1 positioning in a unified terminology, along with the necessary 
context and materials to ensure the reproducibility of the simulations;

• We propose a novel approach to integrate D2D and RIS communica-
tion model into positioning algorithms by using the statistical mean 
and median for sensor fusion at the location-level;

•  We identify relevant use cases for RIS-aided localization and RIS 
communications in general.

The rest of the paper is organized as follows. In Section 2, we review 
the related works and identify research gaps. Section 3 introduces 
main localization principles, starting with our system models based 
on RSS measurements for D2D- and RIS-aided localization and the 
relevant path loss models, and discusses trilateration, triangulation 
and fingerprinting methods. In Section 4, we provide the CRLB for-
mulation with Gaussian noise as well as propose a new theoretical 
distance-dependent noise model. In Section 5, the numerical results and 
discussion are presented, where we compare the results for different 
CRLBs and conduct the performance analysis of D2D- and RIS-aided 
cellular localization in terms of positioning accuracy. Conclusions are 
drawn in Section 6.

2. Related works

2.1. D2D-based cooperative positioning

A cooperative D2D-aided method has been explored as a means to 
improve the localization accuracy, which can be performed in two ways 
to facilitate localization: (i) pseudo-range estimation and (ii) location 
information exchange [15]. In the former case (that is in widespread 
use by researchers), when direct D2D communications over the sidelink 
(also named PC5 interface) are exploited, MTs inherently receive sig-
nals from each other, which provide additional reference signals and 
may thus be utilized to compute pseudo-range estimations between 
MTs. In the latter case, the direct exchange of necessary data between 
MTs can be performed; both common physical layer estimates (to speed 
up the local decisions) and position information are exchanged over 
D2D links to enhance the accuracy of the localization system.

In [16], a collaborative method using only direct communication 
to nearby devices and fingerprinting is introduced to enhance indoor 
positioning accuracy. The approach verifies the fingerprinting position-
ing by TOA-based distance passed through the D2D links. Similarly, 
in [17], the advantages of direct communication between nodes in the 
case of 5G internet of things (IoT) applications are proven to achieve 
the sub-meter localization accuracy and enhance coverage. In [18], a 
positioning system for smartphones based on the received strengths of 
WiFi and Bluetooth signals is presented. The additional signal strength 
information of Bluetooth signals exchanged between D2D users is used 
to estimate their relative distances, thereby decreasing the error of the 
position estimates.

Similarly, in [19], radio frequency (RF)-sensing with new radio
(NR) sidelink D2D communication integration is studied to achieve 
device-initiated, flexible sensing capabilities in beyond 5G cellular 
communication systems. In [20], the pseudo-range estimates, such as 
TDOA, between MTs are used to empower cooperative positioning in 
5G high-density networks. Authors show that at densities greater than 
1100 MT/m2, sub-meter positioning accuracy can be provided with 
the outage probability converging to zero. In [21], a beam sweeping 

1 There is no theoretical basis in the literature on RIS-aided positioning 
systems based on RSS ranging.



N. Chukhno et al. Ad Hoc Networks 175 (2025) 103862 
Table 1
RISs vs. relays: communication perspective.
 Advantage RIS Relay  
 Spectral efficiency [26–29] ✓ (with large surface area) ✓ (full duplex)  
 Noise [26,27,29] ✓ (not affected by addicted noise, no self-interference) × (affected)  
 Energy efficiency [30] × (except when very high rates are required) ✓  
 Signal range [28] × (reduced signal range due to the lack of amplification) ✓  
 SNR (Fig.  1) × ✓  
 Power budget [27] ✓ × (power sharing between BS & relay) 
 Power consumption [27,28] ✓ (use of printed metamaterial requires no amplifiers) ×  
 Hardware complexity/cost [27,28] ✓ (lower complexity) ×  
approach for TOA and AOA measurements stemming from the defined 
and regulated procedures for NR beam management is considered. 
It is shown that joint angle- and time-based measurements allow for 
reaching sub-meter accuracy and a relatively robust system against 
different node geometries.

Differently, in [22], cooperative RSS-based localization is used for 
interference avoidance in a cognitive radio network. In [23], a collab-
orative indoor positioning system using multilayer perceptron neural 
networks is proposed to improve the accuracy of the models based on 
bluetooth low energy (BLE) and RSS lateration and cope with inappro-
priate anchors’ distribution, unstable RSS, and hardware heterogeneity.

Although many research works have focused on D2D cooperative po-
sitioning performance evaluation and experiments, the literature still lacks 
mathematical models [15,16,24].

2.2. RIS-based cooperative positioning

5G radio for mmWave and beyond-5G concepts at 0.1THz to 1THz
can exploit time-, power-, and angle-based measurements for localiza-
tion by taking advantage of large available bandwidth and antenna 
arrays. However, obstacles can block the signals, thereby causing large 
positioning errors. RISs are regarded as one of the foremost technolo-
gies capable of controlling the physical propagation environment. They 
are embedded by passively reflecting radio waves in desired directions 
and actively sensing this environment in both receive and transmit 
directions [25].

RIS is commonly used as a reflector and can operate in two ways. 
First, it can function as part of the passive environment, acting like 
any other scatterer or reflector. Second, it can serve as part of the 
infrastructure, acting as a global reference or anchor point [31]. The 
potential of RIS for localization has been given limited attention in the 
literature [31]. In [25], a multi-user RIS-enabled localization problem 
is examined, and the users’ position in 3D space is estimated by 
calculating the TOA of the LoS and nLoS paths at multiple receivers. 
An adaptive phase shifter design based on hierarchical codebooks and 
feedback from the MT is proposed in [32] for joint positioning and 
communication in RIS-aided mmWave multiple-input and multiple-
output (MIMO) systems. Differently, in [33], RIS is used as a means 
of blockage mitigation and channel state information acquisition for a 
RIS-aided mmWave system through 3D positioning.

In general, RIS technology provides many advantages over existing 
mainstream technologies [34]. However, the central question that can 
stimulate the practical RIS development of ‘‘what is a convincing use 
case for RIS?’’ remains unanswered [28]. Coverage expansion is one 
possibility, but traditional half-duplex relaying is a viable alternative, 
and full-duplex regenerative relays are emerging [35]. In comparison 
to wideband channels, RIS technology faces a competitive disadvan-
tage due to the requirement of identical programming for each RIS 
element over the entire frequency range. Another potential use case 
is enhanced spatial multiplexing and interference reduction, but it 
must compete with cell-free MIMO systems. The effectiveness of RIS 
technology may be greatest in THz regions, where the development of 
coherent transceivers is challenging due to the sparse channels that 
make additional propagation paths crucial, even if they are of poor 
quality. However, so far, there is no evidence, only guesses [28].

In this study, we strive to fill the mentioned gap by answering the question 
of what are convincing use cases for RIS-aided localization.
3 
Fig. 1. SNR comparison of RIS and relays. On the 𝑥-axis is the proportion of 𝑑𝑆𝑅 and 
𝑑𝑅𝐷 distances when 𝑑𝑆𝑅 + 𝑑𝑅𝐷 = 100m. For example, 𝑥-axis of 0.1 means that RIS is 
located such that 𝑑𝑆𝑅 = 10m and 𝑑𝑅𝐷 = 90m.

2.3. RISs vs. relays

When examining the current research works on the comparison 
between RIS and D2D performance, it is evident that existing studies 
primarily concentrate on spectral efficiency, complexity, and energy 
efficiency, among other relevant metrics (see Table  1). First, it is essen-
tial to emphasize the spectral efficiency advantages of RIS compared to 
D2D when its size is substantially larger than the wavelength [26–28]. 
Moreover, RIS operates in a full-duplex mode without self-interference 
or introducing thermal and addictive noise since passive RIS cannot 
amplify or regenerate the signals. Consequently, they may achieve 
higher spectral efficiency than active half-duplex relays.

A system that can switch between single-input single-output (SISO) 
and decode-and-forward relaying modes is generally preferred to min-
imize the transmit power and maximize the energy efficiency, except 
when very high data rates are required. In such cases, when the data 
rate exceeds 8.48 bit s−1 Hz−1 [30], RIS may be a better option in terms 
of energy efficiency. However, RIS has the drawback of a reduced signal 
range [28] owing to its passive nature and lack of amplification, which 
can result in a lower SNR.

In Fig.  1, we provide a visual representation of the SNR in relation 
to the proportion of distance 𝑑𝑆𝑅 between the source –S– (i.e., BS) and 
RIS to the total propagation 𝑑𝑆𝑅+𝑑𝑅𝐷 distance (i.e., path BS-RIS-MT, or 
source-RIS-destination –D–) of 100m. We also display the relay’s SNR 
for the given distance of 100m between devices for blockages by both 
large-scale and small-scale constructions (i.e., nLoS non-blocked and 
LoS blocked by the human body). It is evident from the figure that 
only large-size RISs can achieve comparable performance to the relays 
when placed either close to the source or the destination. It is worth 
noting that distances between relays are typically smaller than 100m, 
implying that the SNR of the channel between relays would be even 
higher in such cases.
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Table 2
State of the art comparison.
 Work Year Approach Area Environment Benchmark Metric Accuracy RIS vs. 

D2D
 

 [20] 2015 D2D communication 
cooperative positioning 
with different device 
density

D2D range ≈
50m, BS range 
100m to 400m

General CRLB 95th PRC From 50 cm to 100m ×  

 [36] 2021 1 RIS, 1 BS, 1 user 
positioning

20m × 20m Indoor CRLB, GDoP, 
no RIS

position error 
bound (PEB)

Achieve up to two orders 
of magnitude reduction in 
PEB (compared to no RIS)

×  

 [37] 2022 Get relative location of MT 
with respect to RIS. Then 
through D2D, distances 
between MTs are 
calculated

100m × 80m General Non 
cooperative

RMSE 2m to 22m depending on 
the number of beams

×  

 [38] 2022 Zero access points 
positioning: two MTs 
estimate their positions 
through D2D 
communications, and 
processing the signals 
reflected from RIS

20m × 17m General CRLB PEB Sub-meter accuracy ×  

 [39] 2023 Zero access points 
positioning: at least three 
half-duplex single-antenna 
devices and a single RIS as 
anchors

7m × 7m × 4m Indoor CRLB RMSE Centimeter-level accuracy 
at 20dBm transmission 
power

×  

 [40] 2024 RIS as anchors for 
cooperative localization: 
RIS phase shift control 
optimization algorithm

30m × 30m × 5m Indoor Alternate 
optimization, 
genetic 
algorithm

Squared PEB Error of proposal is 
94.68% smaller than when 
using sensor nodes as 
anchors

×  

 Our 
work

2024 Comparison of D2D- and 
RIS-based positioning 
systems in terms of 
accuracy based on simple 
ranging approach

100m × 100m General CRLB Range of 
metrics

See Section 5. Under equal 
placement, D2D can 
improve cellular 
positioning by 47% and 
RIS by 38%

✓  
In relay-assisted systems, the power budget limitation is generally 
ensured by allocating the total RF power between the transmitter and 
the relay to meet the total power constraint. Conversely, in the ideal 
scenario, the total power reflected by a RIS is equal to the total power 
of the incident radio waves [27]. Additionally, utilizing printed meta-
materials eliminates the need for amplifiers, which is beneficial for 
energy consumption [27,28].

Furthermore, the noteworthy benefit of RISs is the reduction in 
hardware complexity (e.g., with analog beamforming, no extra RF 
chains needed for demodulation and modulation) at the expense of a 
larger surface area [28]. Additionally, RISs are semi-passive devices 
with a relatively low cost, which makes them ideal for mounting on 
surfaces or moving objects [25].

In contrast to what is commonly done in the literature, we aim to 
compare the localization accuracy of RIS- and D2D-assisted localization 
systems in Section 5.

2.4. State of the art of cooperative positioning

Within the existing literature, one can encounter papers that intro-
duce positioning algorithms based on D2D technology, those based on 
RIS technology, as well as those that explore a combination of both 
approaches, as shortly reported in Table  2. However, this particular 
study distinguishes itself by not proposing a novel algorithm. Instead, 
our focus lies in the comparative analysis of existing technologies, 
specifically D2D and RIS, with regard to their positioning accuracy. 
Through this work, our goal is to present a comprehensive assessment 
of these technologies’ positioning accuracy while using simple ranging. 
By leveraging the outcomes of this research, both scholars and industry 
professionals can make informed decisions regarding the appropriate 
contexts for employing either D2D, RIS, or a synergistic fusion of both 
solutions.
4 
3. System model

This section presents D2D- and RIS-aided localization models that 
rely on RSS ranging while taking into account a general path loss 
model. A list of notations used in this paper is provided in Table  3.

Assumption 1. Our analysis pertains to an environment challenging 
for localization due to the scattered deployment of beacons. In such 
a context, cooperation among peers can enhance the accuracy of the 
system.

Assumption 2. One user lacks access to the localization system, but 
he can estimate the position by utilizing information provided by 
peers/RISs as a part of the infrastructure.

Localization aims to find the 3D coordinates of specific targets. 
To do so, it is essential to have at least four beacon nodes in wire-
less communication networks. Positioning algorithms typically rely on 
range measurements, including methods such as RSS, TOA, AOA, and 
TDOA [41]. Generally, positioning-related measurements are catego-
rized into four main classes:

• Time-based (e.g., TOA, TDOA, round-trip time);
• Angle-based (e.g., AOA, angle of departure);
• Power-based (e.g., RSS, backscattered power) using path loss 
models;

• Frequency-based (e.g., frequency of arrival (FOA), and frequency 
difference of arrival (FDOA)).

Localization methods commonly used to determine positions in-
clude fingerprinting and geometry-based triangulation and trilateration 
(see Fig.  2). Fingerprinting is a technique where a database of ‘‘finger-
prints’’ of signal characteristics (i.e., signal strength, time of arrival) 
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Table 3
Symbology and notation used in the manuscript.
Communication

𝑊 Available bandwidth, Hz
𝑓𝑐 Carrier frequency, GHz
𝑑2d Two-dimensional distance between MT and NR BS, m
𝑑 Three-dimensional distance between MT and NR BS, m
𝑃𝑇 , 𝑃𝑅 Transmit/received power, W
𝐺𝑇 , 𝐺𝑅 Transmit/received antenna array gains, dBi
𝑁0 Power spectral density of noise, dBi/Hz
𝐿(𝑑) Path loss in linear scale
𝐿𝑑𝐵 (𝑑) Path loss in decibel scale
𝐴, 𝜁 Propagation exponents
𝑝𝐵 (𝑑) Distance-dependent blockage probability
𝑤 Shadow fading, dB
𝜎SF Standard deviation of noise
𝑝𝐿 LoS probability
Localization-specific parameters
𝑚 Measurements
𝑑 Distance
𝑛 Noise
𝛼𝑖 Constant term which takes into account the transmission power 

of the node to be localized (propagation coefficient)
𝐿𝑑𝐵 (𝑑0) Path loss at the reference distance 𝑑0 in decibels
𝑑0 Reference distance, m
(𝑥, 𝑦, 𝑧) Unknown coordinates
(𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) Position coordinates of anchor 𝑖
𝑑𝑖 Calculated distance from anchor 𝑖
𝑅𝑆𝑆𝐼𝑖 Received power from anchor 𝑖
RIS-specific parameters
𝑑SR Distance from BS to RIS, m
𝑑RD Distance from RIS to MT, m
𝐿(𝑑SR) Path loss of sub-path from BS to RIS
𝐿(𝑑RD) Path loss of sub-path from RIS to MT
𝛤𝑘 Reflection coefficient of the 𝑘-th RIS element
𝐿𝑇𝑂𝑇 Total path loss of a RIS
𝐿𝑇𝑂𝑇 (𝑑0) Total path loss of a RIS at the reference distance 𝑑0
𝑀 ×𝑁 Sub-wavelength elements of RIS
𝑠𝑀 × 𝑠𝑁 Size of sub-wavelength elements of RIS
𝐷𝑚, 𝑛 Distance between the BS and the (𝑚, 𝑛)-th RIS element
𝑑𝑚, 𝑛 Distance between the (𝑚, 𝑛)-th RIS element and the MT
𝑃R,𝑘 Received power in watts at the MT through the 𝑘-th RIS element
𝜑𝑘 Phase difference induced by 𝑘-th RIS element
𝐺𝑒

𝑡 Gain of the RIS in the direction of an incoming wave
𝐺𝑒

𝑟 Gain of RIS in the direction of a received wave
𝜖𝑏 Efficiency of RIS
𝜙𝑘 Phase delay of the signal received through 𝑘-th RIS element

is created for various locations in the environment. When the MT 
captures the signal characteristics at its location, it compares them 
to the fingerprints in the database to determine its position. Trian-
gulation/trilateration involves determining the position of an MT by 
measuring the angles/distances, respectively, between the target MT 
and multiple known anchors. Triangulation estimates the target MT’s 
position based on the intersection of these angles by using the principles 
of trigonometry and knowing the distances or relative positions of the 
anchors. Similarly, trilateration calculates the MT’s position based on 
the intersection of spheres or circles in 3D or 2D space, respectively.

These methods offer different approaches to determine the position 
of an MT, each with its own strengths and limitations. A primary lim-
itation of fingerprinting is the requirement for a database of reference 
samples, which may not always be feasible to collect [42]. Geometry-
based techniques require at least three anchors with known positions 
and underlining models to map measurements into distances. In certain 
scenarios, locating the necessary anchors can be challenging, making 
the use of a database with fingerprinting a more viable and reliable 
approach. In general, the choice of method depends on factors such as 
the available infrastructure, the accuracy requirements, the nature of 
the environment, and the specific application in which localization is 
needed.
5 
Fig. 2. Illustration of main localization principles.

3.1. D2D-aided localization using power measurements

In this subsection, we will discuss power-based measurements. Since 
RSS decreases based on path loss models, we can create a general model 
to convert power measurements 𝑚 into distance using the equation 
below: 
𝑚 = 𝑓 (𝑑) + 𝑛,hence, 𝑑 ≈ 𝑓−1(𝑚), (1)

where 𝑓 (.) corresponds to the model function, 𝑛 represents noise, and 
𝑚 represents the obtained measurements.

Among the various channel models proposed for both indoor and 
outdoor settings (e.g., Nakagami, Rayleigh, Ricean, etc.) [43], the most 
commonly used one for radio frequency signal-based localization is 
the simple lognormal shadowing path loss model, which illustrates the 
following relationship between the received power and the distance 
between the transmitter and receiver [44–46]: 
𝑅𝑆𝑆𝐼(𝑑𝐵𝑚) = 𝛼𝑖(𝑑𝐵𝑚) − 10𝜁 log(𝑑) +𝑤, (2)

where 𝛼_𝑖 is a constant term representing the propagation coefficient of 
the transmitted power, 𝑑 signifies the distance between the transmitter 
and receiver, 𝜁 corresponds to path loss exponent (PLE), and 𝑤 is a 
zero-mean Gaussian random variable. 
𝑤[𝑑𝐵] ∼  (0, 𝜎2SF), (3)

where 𝜎2SF corresponds to the standard deviation specified for various 
propagation environments in Table  4.

Denote 𝛼𝑖 = 𝑃𝑟(𝑑0): 

𝛼𝑖 = 𝑃𝑇 + 𝐺𝑇 + 𝐺𝑅 − 𝐿𝑑𝐵(𝑑0), (4)

where 𝑃𝑇  represents the transmit power, 𝐺𝑇  and 𝐺𝑅 denote the trans-
mit and receive antenna gains respectively, and 𝐿𝑑𝐵(𝑑0) corresponds to 
the path loss at a reference distance of 𝑑0 (usually, 𝑑0 = 1m).

The distance between the MT and BS i (or between the MT and relay
i) can be determined using expression: 

𝑑 = 10
𝛼𝑖−𝑅𝑆𝑆𝐼𝑖+𝑤

10𝜁 . (5)
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Table 4
Propagation models [47–49].
 Environment PLE, 𝜁 SF, 𝜎2

SF 𝐿𝑑𝐵 (𝑑0), non-blocked 𝐿𝑑𝐵 (𝑑0), blocked  
 3GPP Indoor, InH - Office LoS 1.73 3 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
 3GPP Indoor, InH - Office nLoS 3.19 8.29 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
 mmMAGIC UMi Street Canyon LoS 1.92 2 32.9 + 20.8 log10 𝑓𝑐 47.9 + 20.8 log10 𝑓𝑐 
 mmMAGIC UMi Street Canyon nLoS 4.5 7.82 31 + 20 log10 𝑓𝑐 46 + 20 log10 𝑓𝑐  
 5GCM UMi Open Square LoS 1.85 4.2 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
 5GCM UMi Open Square nLoS 2.89 7.1 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
 3GPP UMi Street Canyon LoS 2.1 4 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
 3GPP UMi Street Canyon nLoS 3.19 7.82 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
 3GPP UMa LoS 2.2 4 28 + 20 log10 𝑓𝑐 43 + 20 log10 𝑓𝑐  
 3GPP UMa nLoS 3 7.8 32.4 + 20 log10 𝑓𝑐 47.4 + 20 log10 𝑓𝑐  
The following is the quadratic equation for the 3D trilateration 
localization algorithm: 

𝑑𝑖=
√

(𝑥𝑖 − 𝑥)2+(𝑦𝑖 − 𝑦)2+(𝑧𝑖 − 𝑧)2, (6)

where, (𝑥, 𝑦, 𝑧) represents the estimated target MT coordinate, while 
(𝑥𝑖, 𝑦𝑖, 𝑧𝑖) denotes the position of the anchors. The calculated distance 
from the target mt to anchor 𝑖 is denoted by 𝑑_𝑖. Since there are four 
equations with three unknown variables, any three equations from (6) 
with 𝑖 = 1,… , 4 can be used to determine the unknowns. In practi-
cal situations, the calculated distances may not always be accurate. 
Consequently, four reference points are used to estimate the target MT 
coordinate.

Our research investigates the building and the human body block-
age in relation to LoS/nLoS states, which encompass both outdoor 
and indoor settings like city streets, plazas, arenas, and offices, among 
others. For instance, in a manner similar to [50], we can consider a 
scenario where the state of the MT falls into one of the four possible 
states: (LoS, blocked), (LoS, non-blocked), (nLoS, blocked), (nLoS, non-
blocked). In this context, the nLoS state means that buildings can 
obstruct the path between the BS and the MT, while the blocked state 
presumes a human blockage of 15 dB [51].

Then, the path loss, measured in decibels (dB), for the four states is 
given by the following equation: 
𝐿𝑑𝐵(𝑑) = 𝐿𝑑𝐵(𝑑0) + 10𝜁 log10 𝑑, (7)

where 𝑑 is the three-dimensional distance between the mmWave BS 
and the MT, or between two MTs, 𝑓𝑐 is the frequency of the carrier in 
GHz, while PLE 𝜁 and reference path loss 𝐿𝑑𝐵(𝑑0) depend on the radio 
environment. The PLE, standard deviation values, as well as path loss 
equations depending on the used model, are provided in Table  4.

The likelihood of LoS probability 𝑝𝐿 for the 2D distance 𝑑2D between 
the NR BS and the mobile terminal MT, along with the distance between 
the two MTs, can be calculated using propagation models as described 
in [47–49] (see Fig.  3). On the other hand, the probability of human 
blockage at a 3D distance 𝑑 is derived in [52].

The equation for path loss utilizing the model in linear scale can be 
expressed as 𝐿(𝑑) = 𝐴𝑑𝜁 , where 𝐴 and 𝜁 correspond to the propagation 
coefficients, and 𝐴 = 10

𝐿𝑑𝐵 (𝑑0)
10 .

3.2. RIS-aided localization using power measurements

Here, we adopt the notion of reflection unit set (RUS) presented 
in [33] and calculate 𝑑𝑖 for each RUS𝑖, 𝑖 = 1,… , 4. With four specific 
RUSs serving as anchor nodes placed in known locations, coordinates 
𝑝1 = (0, 0, 0), 𝑝2 = (0, 𝑎, 0), 𝑝3 = (0, 𝑎, 𝑏), and 𝑝4 = (0, 0, 𝑏) (where both 
𝑎 and 𝑏 are real values), the position of the MT is not known, but it 
is represented by (𝑥, 𝑦, 𝑧), and the measured distances between each 
anchor and the MT are denoted by 𝑑𝑖, respectively. The actual distances 
are defined based on these measurements as:
𝑑1=

√

𝑥2+𝑦2+𝑧2, (8)

𝑑 =
√

𝑥2+(𝑦 − 𝑎)2+𝑧2, (9)
2

6 
Fig. 3. LoS probability as a function of 2D distance between the BS and the MT 
according to 3GPP UMi Street Canyon model from [47].

𝑑3=
√

𝑥2+(𝑦 − 𝑎)2+(𝑧 − 𝑏)2, (10)

𝑑4=
√

𝑥2+𝑦2+(𝑧 − 𝑏)2. (11)

The three unknown variables (𝑥, 𝑦, 𝑧) can be determined by solving 
the four equations. These variables are crucial in both clock synchro-
nization and antenna array, which have stringent requirements for 
accuracy and precision.

When measuring the power of the cascaded BS-RIS-MT channel, the 
distance can be calculated using: 

𝛼𝑖 = 𝑃𝑇 + 𝐺𝑇 + 𝐺𝑅 + |𝛤𝑖| − 𝐿𝑇𝑂𝑇 (𝑑0), (12)

where 𝛤𝑖 and 𝐿𝑇𝑂𝑇  are defined lower in this section. The distance 
between the MT and BS 𝑖 is then calculated using: 

𝑑 = 10
𝛼𝑖−𝑅𝑆𝑆𝐼𝑖+𝑤

10𝜁 − 𝑑𝑆𝑅, (13)

where RSSI is calculated using (16) and the distance between the BS 
and the RIS is denoted by 𝑑𝑆𝑅, which is a known quantity.

Assumption 3 ([53]). The RIS consists of 𝑀 × 𝑁 sub-wavelength 
elements, each with the size of 𝑠𝑀 × 𝑠𝑁 . It is assumed that 𝐷𝑚,𝑛
represents the distance between the (𝑚, 𝑛)th RIS element and the BS, 
while 𝑑𝑚,𝑛 is the distance between the (𝑚, 𝑛)th RIS element and the MT. 
The distances from different RIS elements to the BS are approximately 
the same, i.e., 𝐷𝑚,𝑛 ≈ 𝑑SR, where 𝑑SR represents the distance between 
the BS (i.e., source) and the center of the RIS.

The path loss models presented in Table  4 are employed to express 
the path loss of sub-paths 𝐿(𝑑SR) and 𝐿(𝑑RD) from source to RIS and 
from RIS to destination, respectively. Total received power in watts 
at the MT through the 𝑘th RIS element is computed under the plate 
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scattering paradigm [54]: 

𝑃R,𝑘 =
𝑃𝑇 |𝛤𝑘|𝐺𝑇𝐺𝑅
𝐿(𝑑SR)𝐿(𝑑SR)

, (14)

where 𝐿(𝑑SR) and 𝐿(𝑑RD) are path losses at distances 𝑑SR and 𝑑RD, 
correspondingly, 𝛤𝑘 is the reflection coefficient of the 𝑘th RIS element: 

𝛤𝑘 = 𝑒−𝑗𝜑𝑘𝐺𝑒
𝑡𝐺

𝑒
𝑟𝜖𝑏, (15)

where 𝜑𝑘 is the phase difference induced by 𝑘th RIS element, 𝐺𝑒
𝑡  is the 

gain of the RIS in the direction of an incoming wave, 𝐺𝑒
𝑟 is the gain of 

RIS in the direction of a received wave, and 𝜖𝑏 is the efficiency of RIS, 
which is defined as a ratio of transmit signal power by RIS to received 
signal power by RIS. We assume that RIS consists of passive elements
and 𝜖𝑏 = 1.

Total received power at the receiver, including all RIS elements, is 
given by 

𝑃R =
⎛

⎜

⎜

⎝

∑

𝑘

√

𝑃𝑇 |𝛤𝑘|𝐺𝑇𝐺𝑅
𝐿(𝑑SR)𝐿(𝑑RD)

𝑒𝑗𝜙𝑘
⎞

⎟

⎟

⎠

2

, (16)

where 𝜙𝑘 is the phase delay of the signal received through 𝑘th RIS 
element.

Assumption 4 ([55]). For the sake of simplicity, we assume that RIS-
elements reflect signal with unit-gain reflection coefficients (i.e., |𝛤𝑘| =
1) and in such a way that all the signals coming through different RIS 
elements are in phase at the receiver (i.e., 𝜙𝑘 = 𝜑𝑘).

Then, expression (16) becomes: 

𝑃R =

(

∑

𝑘

√

𝑃𝑇𝐺𝑇𝐺𝑅
𝐿(𝑑SR)𝐿(𝑑RD)

)2

. (17)

Hence, the total path loss is expressed as 

𝐿𝑇𝑂𝑇 =

(

∑

𝑘

√

1
𝐿(𝑑SR)𝐿(𝑑RD)

)−2

. (18)

3.3. Localization using angle measurements

In this subsection, we review the triangulation method. Given the 
known AOAs, 𝛼, 𝛽, known distance 𝑑𝐴𝐵 between two anchors (see Fig. 
2), intermediate distance 𝑑𝑟1 that forms a right angle triangle can be 
extracted from 
𝑑𝐴𝐵 =

𝑑𝑟1
tan 𝛼

+
𝑑𝑟1
tan 𝛽

, (19)

by using well-known trigonometric identities: 

𝑑𝑟1 = 𝑑𝐴𝐵
sin (𝛼 + 𝛽)
sin 𝛼 sin 𝛽

. (20)

Therefore, distance 𝑑𝐴𝑀  between the first anchor and MT can be 
found using basic trigonometric functions as 

𝑑𝐴𝑀 =
𝑑𝑟1
sin 𝛼

. (21)

In a similar fashion, distances 𝑑𝐵𝑀  and 𝑑𝐶𝑀  between the other two 
anchors and MT can be obtained using angle 𝛾 and distances 𝑑𝐴𝐶 and 
𝑑𝐵𝐶 . The MT’s position can be derived from the intersection of the 
three calculated distances (i.e, 𝑑𝐴𝑀 , 𝑑𝐵𝑀 , and 𝑑𝐶𝑀 ) while knowing the 
coordinates of the corresponding anchors.

3.4. Choice of positioning method

Trilateration is widely preferred for position estimation due to its 
simplicity compared to other methods such as triangulation. Finger-
printing, on the other hand, is more specific to the environment and 
typically relies on a reference database, making it more suitable for 
experimental studies. In the upcoming section, we will primarily focus 
on utilizing trilateration for our position estimation.
7 
4. Cramér–Rao lower bound

4.1. CRLB with Gaussian noise [56]

The CRLB serves as a metric for measuring the minimal theoretical 
estimation errors attainable by an estimator. Assuming 𝐩 = [𝑥, 𝑦]𝑇

represents the vector of parameters to be estimated (i.e., the target posi-
tion), and 𝝆 = [𝜌1,… , 𝜌𝑛]𝑇  represents the vector of ideal measurements 
influenced by zero-mean Gaussian uncertainties 𝜼 = [𝑤1,… , 𝑤𝑛]𝑇 , 
where cov(𝜼) = 𝐸{𝜼𝜼𝑇 } denotes the covariance matrix and 𝑤 is 
defined in Eq.  (3), with 𝑛 denoting the number of anchors, the CRLB is 
expressed as per [57]: 
𝐶𝑅𝐿𝐵 = (𝐇𝑇 cov(𝜼)−1𝐇)−1, (22)

where 

𝐇 =

⎡

⎢

⎢

⎢

⎢

⎣

𝜆𝑥1 (𝐩) 𝜆𝑦1 (𝐩)
𝜆𝑥2 (𝐩) 𝜆𝑦2 (𝐩)

⋮
𝜆𝑥𝑛 (𝐩) 𝜆𝑦𝑛 (𝐩)

⎤

⎥

⎥

⎥

⎥

⎦

, (23)

being 𝜆𝑥𝑖 (𝐩) = (𝑥 − 𝑋𝑖∕𝜌𝑖) and 𝜆𝑦𝑖 (𝐩) = (𝑦 − 𝑌𝑖∕𝜌𝑖) the first derivatives 
of 𝜌𝑖 = ℎ𝑖(𝐩) =

√

(𝑥 −𝑋𝑖)2 + (𝑦 − 𝑌𝑖)2 for the 𝑖th ranging measurements, 
𝐚𝑖 = [𝑋𝑖, 𝑌𝑖]𝑇  is 𝑖th ancor’s position.

4.2. CRLB with distance-dependent noise

In this subsection, a noise variance distance-dependent model as-
sociated with 3GPP path loss models is implemented. Since we use 
RSS-based ranging and trilateration method based on distance, there-
fore, the variances expressions for noise and nLoS have the following 
form [58]: 

𝜂𝑖 =
𝑐2

𝑊 2
(

𝑃𝑇 ∕𝑃𝑛
)𝐿𝑖, (24)

where 𝜂𝑖 is the receptor range estimate variance, 𝜼 = [𝜂1,… , 𝜂𝑛]𝑇 , 𝑐 is 
the pulse propagation velocity, 𝑊  is the bandwidth, 𝑃𝑇  is the transmit 
power, and 𝑃𝑛 is the power density of noise.

We propose a theoretical (probabilistic) approach to quantify the 
path loss for distance-based noise variances: 
𝐿𝑖 = 𝐿LoS(𝑑)𝑝𝐿 + 𝐿nLoS(𝑑)(1 − 𝑝𝐿), (25)

where LoS and nLoS probabilities, 𝑝𝐿 and (1 − 𝑝𝐿) respectively, reflect 
the likelihood of a direct visible path between transmitter and receiver. 
This probabilistic model accounts for the varying noise characteristics 
in LoS and nLoS scenarios, providing a comprehensive representation 
of the overall noise in telecommunication systems. The model is 3GPP 
compliant, which means that only path loss equations (defined in 
Table  4) and LoS probability should be recalculated depending on the 
environment.

On the other hand, we also provide an empirical approach to 
describe distance-based noise (path loss component). Empirically, 
𝐿𝑖 = 𝐿LoS(𝑑LoS) + 𝐿nLoS(𝑑nLoS), (26)

where both 𝐿LoS(𝑑LoS) and 𝐿nLoS(𝑑nLoS) path losses are considered 
functions of distance, capturing the empirical relationship between 
the distance separating communication nodes and the resulting noise 
levels.

The theoretical approach, as outlined in Eq.  (25), offers a distinct 
advantage in its universality. It allows for the estimation of path 
loss by leveraging distance 𝑑 and LoS probability 𝑝𝐿. In contrast, the 
empirical approach (26) ensures that path loss is computed separately 
for both the LoS (𝑑LoS) and nLoS (𝑑nLoS) segments of the distance 𝑑. 
This necessitates making assumptions regarding LoS probability (unless 
leveraging ray-tracing algorithms).

In Fig.  4, we provide the results for theoretical and empirical 
approaches to model distance-dependent noise variances. One may 
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Fig. 4. Visualization of distance-dependent noise variances, 3GPP UMi Street Canyon 
LoS/nLoS.

observe that the empirical noise variance depends on the probabil-
ity of guaranteed LoS conditions presented earlier in Fig.  3. At the 
beginning of each curve, for the distance guaranteed to be LoS, the 
noise variance remains low, as expected in LoS scenarios. However, this 
trend faces a sudden growth when the distance is no longer guaranteed 
to be in LoS. On the other hand, the theoretical representation of 
the distance-dependent noise variance grows steadily with increasing 
distance, following a logarithmic trend without any deviation from this 
trend.

5. Numerical results

This section introduces the evaluation of D2D- and RIS-cooperative 
localization systems across various scenarios, specifically for the 3GPP 
UMi Street Canyon use case considering LoS and nLoS conditions. A 
single path loss model is used as it ensures a fair comparison between 
the two technologies by keeping a consistent and well-known propa-
gation model. We anticipate that using other alternative models would 
yield similar trends and conclusions with minor differences. Therefore, 
for conciseness and without compromising generality, we focus on the 
3GPP UMi Street Canyon scenario while varying the positions and 
geometries of the anchors. With this anchor placement strategy, we 
provide heterogeneous device deployments.

5.1. Simulation setup and section organization

We conduct our simulations using MATLAB environment and pub-
lish open-source code as indicated in Section 6. We note that our 
positioning framework is validated via simulations, being a widely 
adopted approach and indispensable tool for researchers in this domain 
due to the lack of RIS-related hardware. In the cellular positioning
scenario, we consider the service area of 100m × 100m, where the 
four BSs are located at its corners (see Fig.  5). The coordinates of 
BSs therefore are (0, 0), (0, 100), (100, 100), and (100, 0). For RIS-aided 
positioning, RISs are placed close to the BSs for effective operation 
(e.g., with a BS-RIS distance of approximately 10m) [55], as dis-
cussed in Section 2.3. The coordinates of RISs are (7.1, 7.1), (7.1, 92.9), 
(92.9, 92.9), and (92.9, 7.1). The locations of the relays (i.e., D2D an-
chors) may vary depending on the scenarios (see Fig.  5). Specifically, 
the following options are possible:

• relays have the same coordinates as RISs;
• relays are uniformly distributed within the service area;
8 
Fig. 5. Visualization of devices deployments: considered use cases.

• relays are uniformly distributed within an area delimited by 
a circle with a radius of 20m and centered in the point with 
unknown coordinates.

In relay-aided systems, the total RF power is typically split be-
tween the transmitter and the relay to maintain a fixed power budget. 
Moreover, using a full-duplex (FD) relaying protocol introduces high 
loop-back self-interference (𝐼𝑆 ) at the relay due to the simultaneous 
transmission and reception of signals.

As the main error measurement, we use the Euclidean distance 
between the estimated position and the current one (i.e., ground 
truth). We have selected the main evaluation metrics according to 
the ISO18305 standard [59] and the EvAAL/IPIN Indoor Localization 
Competition [60]. Thus, we provide the mean, median, and standard 
deviation as well as minimum, maximum, 75th, and 95th percentile 
of the positioning errors over the 𝐿 evaluation points and the 𝑟𝑒𝑝
repetition times. We complement them with the mean squared error
(MSE) (27) and the root mean squared error (RMSE) (28), as they 
penalize the presence of large outliers in the obtained positioning 
errors.

MSE = 1
𝐿

𝐿
∑

𝑙=1
(𝑥𝑙 − 𝑥̂𝑙)2 + (𝑦𝑙 − 𝑦̂𝑙)2, (27)

RMSE =

√

√

√

√
1
𝐿

𝐿
∑

𝑙=1
(𝑥𝑙 − 𝑥̂𝑙)2 + (𝑦𝑙 − 𝑦̂𝑙)2, (28)

where 𝑙 stands for the 𝑙th evaluation point, 𝐿 is the number of evalua-
tion points, (𝑥𝑙 , 𝑦𝑙) is the real position, (𝑥̂𝑙 , 𝑦̂𝑙) is the position estimate.

Within our experimental setup, we sample 𝐿 = 30 evaluation 
points at random locations and measure the positioning accuracy 1000
times per point. With this approach, we warrant that different random 
initializations have been considered. In our cooperative positioning 
method, we fused the position obtained from the different technologies 
by applying a simple centroid-based loose coupling approach. The final 
estimate (𝑥̂, 𝑦̂) corresponds to the unweighted centroid (i.e., the plain 
average of coordinates) cellular and D2D positioning. That is: 

𝑥̂ = 𝑥̂𝑐𝑒𝑙 + 𝑥̂𝑑2𝑑

2
; 𝑦̂ =

𝑦̂𝑐𝑒𝑙 + 𝑦̂𝑑2𝑑

2
. (29)

The organization of this section is as follows. We first provide the 
theoretical lower bounds results gained through the CRLB, focusing 
on each technology and different noise models. We then begin with 
investigating cooperative positioning methods on a simple LoS scenario 
for UMi Street Canyon with a known PLE of 𝜁 = 2.1 and 𝜎2SF = 4
in Sections 5.3–5.5, for equal placement of RISs and relays, random 
placement of relays, and random placement of relays within 20m
radius, respectively. Then, we investigate the impact of nLoS conditions 
on D2D and cellular positioning for UMi Street Canyon with 𝜁 = 3.19
and 𝜎2SF = 7.82 in Section 5.6, while RIS technology preserves an 
assumption of LoS operation only. Finally, we summarize all the results 
in Section 5.7. Table  5 provides the parameters for the performed 
simulations.
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Table 5
Default parameters.
 Parameter Value  
 Carrier frequency, 𝑓𝑐 28GHz  
 Transmit power (BS), 𝑃𝑇 20dBm [61]  
 Operating bandwidth, 𝑊 100MHz  
 Transmit power (relay), 𝑃𝑇 ∕2 10dBm  
 Noise spectral density, 𝑁0 −174dBm/Hz  
 Self-Interference, 𝐼𝑆 10𝑁0𝑃𝑇 ∕2  
 Height of BS 3m  
 Height of blocker 1.7m  
 Height of MT 1.5m  
 Blocker radius 0.4m  
 BS antenna array 32×32  
 Number RIS elements, 𝑀 ×𝑁 1024 el  
 Environment UMi Street Canyon [47] 
 Number of evaluation points, 𝐿 30  
 Number of repetition times, 𝑟𝑒𝑝 1000  

5.2. Lower bound analysis

In this subsection, we provide the CRLB estimation of localization 
error and feasibility study for cellular, D2D, and RIS-based positioning 
for different noise models. Delving into the details of the analysis 
of the maximum achievable performance of cellular, D2D, and RIS-
aided positioning, we present Table  6 reporting main metrics while 
varying the distribution of D2D nodes when running the simulations 
𝑟𝑒𝑝 = 1000 times per 𝐿 = 30 points. As can be seen, when D2D 
relays are uniformly distributed either in 100m×100m or in the circle 
of radius of 20m, the influence of outliers takes a toll on considered 
metrics due to the fact the geometry of the four nodes is not perfect 
in such cases but rather random. Regarding the performance of CRLBs 
under different noise models, the one with the Gaussian noise model 
provides lower errors due to the fact that it does not take into account 
distances and LoS/nLoS conditions. The results of CRLBs with the 
theoretical distance-dependent noise model fall between those obtained 
with the empirical distance-dependent noise model for 20% and 30% 
LoS scenarios (i.e., around 25%).

We would like to comment on the fact that in both distance-
dependent noise models, RIS exhibits larger errors compared to equally 
placed D2D anchors owing to greater propagation loss (as also can be 
seen in Fig.  1). Moreover, it is worth noting all CRLBs utilizing the 
empirical distance-dependent noise model yield absolutely matching 
results when D2D relays are uniformly distributed in the circle of radius 
of 20m. This can be explained by the short communication distances, 
which consistently provide LoS conditions.

Furthermore, we highlight that the theoretical model adeptly ac-
counts for LoS/nLoS based on the distance-dependent LoS probabilities. 
For instance, for cellular, RIS, and D2D equal placement, the communi-
cation radius is around 100m, and a closer examination of Fig.  4 reveals 
that the 100m point precisely falls between the empirical distance-
dependent noise models for 20% and 30% of guaranteed LoS. Hence, 
this observation leads us to confidently conclude that the theoretical 
model provides a reliable approximation.

Fig.  6 represents the localization error uncertainty for different 
technologies and benchmarks while running the simulation once per 
point, which does not collect outliers. The 𝑥 and 𝑦 axes represent the 2D 
space in which the localization is performed. The contour lines on the 
plots represent different levels of localization error. Each contour line 
connects points with the same error value. The closer the contour lines 
are to each other, the steeper the change in error between them. We 
highlight that despite symmetric anchor placement for cellular, D2D, 
and RIS configurations, the heteroscedastic type of noise (i.e., not cross-
correlated uncertainties) leads to an asymmetric distribution of errors, 
as illustrated in Fig.  6. This observation aligns with the conclusions 
in [56]. In the case of homoscedastic noise variances, the distribution 
of errors would be symmetric.
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Summarizing the results on minimal theoretical estimation of un-
certainties, this analysis illuminates the intricate relationships between 
technologies, noise models, anchor distribution, and performance met-
rics. Moreover, the random distribution of the anchors introduces more 
uncertainty, leading to the presence of outliers affecting the final met-
rics of interest. As we navigate the complexities of positioning systems, 
it becomes increasingly evident that all these factors collectively shape 
the accuracy and reliability of localization outcomes.

5.3. Equal placement of RISs and relays

The results presented in Fig.  8(a) and Table  7(a) correspond to 
the first evaluation campaign. In this scenario, RISs and relay devices 
share the same physical positions (i.e., equidistant from the point 
with unknown coordinates). Note that the total power constraint is 
constantly employed in the relay system.

Our analysis reveals that, in this case, no single technology emerges 
as definitively superior across all evaluated metrics. As shown in Table 
7(a), the configuration that optimizes one metric does not necessarily 
yield the best results for the others (see the scenarios discussed in 
Sections 5.4, 5.5, and 5.6). Although the uniform distribution of the 
devices and RIS elements leads to similar channel quality across con-
figurations, the independent nature of the noise in these systems results 
in different positioning errors for each technology. Nevertheless, in this 
scenario, the combination of all free technologies (see ‘‘Cellular+D2D 
HD+RIS’’) offers the lowest MSE, RMSE, 75th, and 95th percentile 
of the positioning errors, and standard deviation. Hence, the results 
confirm our hypothesis that peer cooperation can improve accuracy.

We note that high localization errors occur when there is a lot of 
uncertainty in the system due to various factors, one of which is noise. 
This noise is like random variations or disturbances that affect the RSS 
we estimate. We recall that, in our simulations, the noise 𝑤 is modeled 
as a zero-mean Gaussian random variable with a standard deviation. 
When we calculate the measured and estimated power in a localization 
system, the noise can cause the estimates to vary from one instance 
to another, as illustrated in Fig.  7. These variations in noise can make 
it challenging for the system to accurately estimate the true location, 
leading to errors in localization.

5.4. Random placement of relays

To further evaluate the impact of D2D on localization, we randomly 
distribute four D2D relays within the considered area of interest, as 
shown in Fig.  5 (labeled as ‘‘random D2D’’). All other parameters 
remain unchanged. As evident in Fig.  8(b) and Table  7(b), D2D lo-
calization achieves superior accuracy compared to the cellular and 
RIS-based methods. This can be attributed to the generally shorter 
distances between the anchor nodes and target node in the D2D sce-
nario. It is important to note that the positioning accuracy can exhibit 
some variation, depending on the system noise characteristics (i.e., a 
normal distribution with 𝜎2SF = 4, which is independent for all the 
technologies). This variability is evident in the performance comparison 
between RIS and the cellular positioning, as illustrated in Figs.  8(a) and
8(b).

Moreover, in Fig.  8(b) and Table  7(b), RIS provides smaller errors 
than cellular-based positioning for most of the metrics, including the 
mean, standard deviation, MSE, RMSE, 75th, and 95th percentile. 
A significant improvement of the positioning error is provided by 
the combination of all three technologies with FD relaying, with a 
reduction of 24.9% in terms of mean error with respect to cellular 
positioning.
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Table 6
Cramer-Rao lower bound, [m]. Results are shown in descending order of 95th PRC error.
 (a) Gaussian noise
 Configuration Min Max Mean Median Std 75th PRC 95th PRC MSE RMSE 
 D2D uniform in 100m×100m 1.01 332.36 3.87 2.39 6.62 3.79 10.80 58.77 7.66  
 D2D in circle with radius 20m 1.01 588.23 2.19 1.63 4.14 2.19 4.57 21.95 4.68  
 RIS 1.30 5.28 1.72 1.52 0.44 1.94 2.67 3.16 1.78  
 D2D equal placement 1.30 5.28 1.72 1.52 0.44 1.94 2.67 3.16 1.78  
 Cellular 1.29 2.97 1.59 1.48 0.26 1.74 2.13 2.59 1.61  
 (b) Distance-dependent noise (Theoretical)
 Configuration Min Max Mean Median Std 75th PRC 95th PRC MSE RMSE 
 D2D uniform in 100m×100m 0 947.99 11.98 7.17 21.51 11.89 34.38 606.30 24.62 
 D2D in circle with radius 20m 2.55 1491.2 5.54 4.13 10.50 5.54 11.60 141.04 11.88 
 RIS 2.78 23.38 6.45 5.73 1.82 7.40 10.31 44.97 6.71  
 D2D equal placement 0 18.08 5.69 5.07 1.69 6.58 9.22 35.26 5.94  
 Cellular 0 14.87 4.79 4.55 0.96 5.43 6.55 23.81 4.88  
 (c) Distance-dependent noise (Empirical, guaranteed 10% LoS)
 Configuration Min Max Mean Median Std 75th PRC 95th PRC MSE RMSE 
 D2D uniform in 100m×100m 0 892.29 10.81 6.55 19.08 10.68 30.69 480.96 21.93 
 D2D in circle with radius 20m 2.52 1473.6 5.48 4.09 10.38 5.48 11.46 137.72 11.74 
 RIS 2.75 21.43 5.84 5.18 1.57 6.64 9.21 36.60 6.05  
 D2D equal placement 0 15.61 5.00 4.44 1.40 5.72 7.97 26.96 5.19  
 Cellular 0 9.16 3.98 3.76 0.75 4.47 5.41 16.38 4.05  
 (d) Distance-dependent noise (Empirical, guaranteed 20% LoS)
 Configuration Min Max Mean Median Std 75th PRC 95th PRC MSE RMSE 
 D2D uniform in 100m×100m 0 892.29 10.84 6.55 19.14 10.69 30.91 483.76 21.99 
 D2D in circle with radius 20m 2.52 1473.6 5.48 4.09 10.38 5.48 11.46 137.72 11.74 
 RIS 2.77 21.69 5.88 5.19 1.61 6.66 9.34 37.15 6.09  
 D2D equal placement 0 15.66 5.03 4.45 1.44 5.74 8.07 27.39 5.23  
 Cellular 0 10.18 4.10 3.79 0.84 4.55 5.87 17.49 4.18  
 (e) Distance-dependent noise (Empirical, guaranteed 30% LoS)
 Configuration Min Max Mean Median Std 75th PRC 95th PRC MSE RMSE 
 D2D uniform in 100m×100m 0 892.29 11.53 6.67 21.35 11.26 33.64 588.98 24.27 
 D2D in circle with radius 20m 2.52 1473.6 5.48 4.09 10.38 5.48 11.46 137.72 11.74 
 RIS 2.89 31.60 7.07 5.40 3.04 8.89 13.55 59.27 7.70  
 D2D equal placement 0 26.06 6.11 4.62 2.72 7.74 11.95 44.75 6.69  
 Cellular 0 22.24 5.59 4.91 2.02 6.89 9.70 35.36 5.95  
 (f) Distance-dependent noise (Empirical, guaranteed 70% LoS)
 Configuration Min Max Mean Median Std 75th PRC 95th PRC MSE RMSE 
 D2D uniform in 100m×100m 0 1320.9 17.72 9.96 34.09 17.99 52.87 1476.6 38.43 
 D2D in circle with radius 20m 2.52 1473.6 5.48 4.09 10.38 5.48 11.46 137.72 11.74 
 RIS 2.90 32.63 10.13 9.50 3.16 11.88 16.30 112.73 10.62 
 D2D equal placement 0 27.30 8.99 8.46 2.90 10.62 14.59 89.28 9.45  
 Cellular 0 24.05 8.24 8.20 1.84 9.49 11.11 71.23 8.44  
5.5. Random placement of relays within 20m radius

The next step is to analyze the performance when the D2D relays are 
randomly distributed within a maximum distance of 20m around the 
device. The results reported in Fig.  8(c) and Table  7(c) demonstrate that 
a substantial improvement in D2D localization positioning accuracy is 
achieved. In this case, the positions of BSs and RISs are fixed, and the 
D2D devices are located much closer to the node with an unknown 
location (see visualization on the right part of Fig.  5).

In contrast to the two previous scenarios, the D2D localization (with 
and without FD) now has the lowest mean positioning error, being even 
better than the combination of all technologies. This also happens for 
the other metrics except the median, where cellular provides the best 
results. In this case, D2D localization is much better than cellular and 
RIS, rendering the integration of all three technologies ineffective. The 
positioning errors individually provided with each technology cannot 
be compensated by each other. The difference between the two D2D 
schemes (i.e., half-duplex (HD) and FD) is minor in this case because 
the distance between MTs is shorter.
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5.6. nLoS : Random placement of relays

As the final use case, we analyze the positioning precision using 
different technologies in the UMi Street Canyon nLoS scenario. We 
consider, a path loss exponent (PLE) with 𝜁 = 3.19 and 𝜎2SF = 7.82. 
The results are reported in Fig.  8(d) and Table  7(d). The design of RIS 
is special as it provides a virtual LoS path when a direct BS-UE path 
is blocked [55]. Thus, all RISs are always in LoS. Given the presence 
of obstacles in the paths, the performance is worse than in the LoS 
scenario presented in Fig.  8(b). In this case, the combination of all 
technologies provides the best results, as the estimated positions are 
distributed around the real location, and the errors can be balanced.

Additionally, for this use case, we have computed the centroid of 
the three position estimates with the median instead of the average 
when combining the three technologies. This approach with the median 
can only be applied when the number of technologies combined is 3
or higher. This proposed approach in this use case has reduced the 
mean localization error by 41.36% compared to the traditional centroid 
calculation with the mean. It is worth highlighting that the median may 
be a better approach to fuse data because it is more robust to outliers. 
In this case, the cellular positioning is completely failing, and the other 
two provide similar accuracy. The mean sensor fusion is penalized by 
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Fig. 6. Theoretical lower bounds, equal placement of RISs and relays.
the wrong estimate from the cellular positioning, while the median 
sensor fusion ignores it and provides a better overall localization.

5.7. Summary and general discussion of results

The analysis of the results of the four scenarios brings us some rele-
vant discussion. When D2D or RIS provides significantly better results 
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than the other approaches, the combination of multiple technologies 
may not work. That is, if a technology is providing significantly worse 
results than the winning one, we should not consider it for the sensor 
fusion (see Fig.  8(c) and Table  7(c)). Only when these three technolo-
gies (i.e., cellular, D2D and RIS) provide similar overall results, their 
combination outperforms any of the individual solutions.
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Table 7
Individual errors, [m]. Results are shown in descending order of 95th PRC error.
 (a) LoS, PLE=2.1, SF=4. RISs and relays have the same locations
 Configuration MIN MAX MEAN MEDIAN STD 75thPRC 95thPRC MSE RMSE  
 Cellular 0.0176 1024.0 34.68 5.80 55.56 52.73 148.69 4290.3 65.50  
 RIS 0.020 756.46 34.94 10.36 51.93 49.33 140.35 3917.4 62.58  
 D2D HD 0.0124 895.01 28.97 7.27 44.78 40.90 122.29 2844.2 53.33  
 D2D FD 0.0072 597.89 28.98 7.30 44.50 41.24 121.79 2820.6 53.10  
 Cellular+RIS 0.011 512.31 32.80 18.83 37.88 50.07 107.70 2510.7 50.10  
 Cellular+D2D FD 0.020 511.73 29.89 15.57 35.58 46.00 101.35 2159.0 46.46  
 Cellular+D2D HD 0.039 553.51 29.85 15.56 35.49 46.18 100.86 2151.0 46.37  
 Cellular+D2D FD+RIS 0.018 341.37 29.91 22.18 29.68 44.08 88.93 1775.8 42.14  
 Cellular+D2D HD+RIS 0.026 369.23 29.87 22.19 29.63 44.01 88.76 1770.1 42.07  
 (b) LoS, PLE=2.1, SF=4. D2D relays are uniformly distributed within 100m×100m

 Configuration MIN MAX MEAN MEDIAN STD 75thPRC 95thPRC MSE RMSE  
 Cellular 0.012 633.62 34.65 5.85 55.55 52.26 150.23 4286.1 65.47  
 RIS 0.039 730.56 34.29 10.39 51.44 47.79 137.38 3821.1 61.82  
 Cellular+RIS 0.010 401.76 32.47 18.04 37.58 49.38 106.38 2466.2 49.66  
 D2D HD 0.032 444.76 29.47 18.70 33.54 38.44 95.46 1993.4 44.65  
 D2D FD 0.018 582.55 29.21 18.45 33.86 37.86 94.65 1999.7 44.72  
 Cellular+D2D HD 0.035 319.29 26.93 16.41 29.12 38.03 85.99 1573.3 39.66  
 Cellular+D2D FD 0.054 328.85 26.77 16.08 29.09 38.19 84.65 1563.0 39.53  
 Cellular+D2D HD+RIS 0.041 270.54 26.18 18.47 25.28 37.24 76.11 1324.6 36.40  
 Cellular+D2D FD+RIS 0.035 264.09 26.02 18.36 25.18 37.14 75.20 1310.6 36.20  
 (c) LoS, PLE=2.1, SF=4. D2D relays are uniformly distributed within circle with radius of 20m
 Configuration MIN MAX MEAN MEDIAN STD 75thPRC 95thPRC MSE RMSE  
 Cellular 0.027 959.19 34.74 5.88 55.92 52.55 149.77 4333.6 65.83  
 RIS 0.0159 666.71 34.34 10.43 51.12 47.85 138.66 3792.6 61.58  
 Cellular+RIS 0.039 487.98 32.52 18.36 37.65 49.74 106.23 2475.3 49.75  
 Cellular+D2D FD 0.0255 477.32 21.77 11.66 27.09 30.30 76.12 1207.3 34.75  
 Cellular+D2D HD 0.0327 466.58 21.81 11.86 27.04 30.29 75.81 1207.1 34.74  
 Cellular+D2D FD+RIS 0.0123 327.66 23.39 15.42 24.41 33.69 71.59 1142.9 33.81  
 Cellular+D2D HD+RIS 0.0223 325.10 23.40 15.40 24.41 33.80 71.31 1143.4 33.81  
 D2D HD 0.00017 340.85 16.10 7.38 19.61 25.07 54.83 643.84 25.37  
 D2D FD 0.000025 250.32 15.91 7.15 19.35 24.80 54.57 627.47 25.05  
 (d) NLoS, PLE=3.19, SF=7.82. D2D relays are uniformly distributed within 100m×100m square
 Configuration MIN MAX MEAN MEDIAN STD 75thPRC 95thPRC MSE RMSE  
 Cellular 0.0174 1056.4 47.52 6.85 80.25 70.66 200.65 8698.8 93.27  
 RIS 0.0074 571.01 34.75 10.35 51.03 49.03 140.99 3811.7 61.74  
 Cellular+RIS 0.0091 598.68 39.11 22.75 47.19 58.42 129.59 3756.8 61.29  
 D2D HD 0.0225 1472.6 35.96 21.28 47.45 44.62 120.34 3545.0 59.54  
 D2D FD 0.0236 1095.6 35.77 21.24 46.90 44.34 118.14 3478.9 58.98  
 Cellular+D2D HD 0.0415 736.62 36.00 20.79 43.14 49.62 116.45 3156.5 56.18  
 Cellular+D2D FD 0.1104 550.16 35.87 20.29 43.10 48.96 116.42 3145.2 56.08  
 Cellular+D2D FD+RIS 0.0653 413.50 32.18 22.17 33.04 45.01 95.71 2127.0 46.12  
 Cellular+D2D HD+RIS 0.0204 504.34 32.29 22.18 33.07 45.56 94.69 2136.5 46.22  
 Cellular+D2D HD+RIS∗ 0.0135 357.33 18.97 6.80 28.97 20.95 81.08 1198.7 34.62  
 Cellular+D2D FD+RIS∗ 0.0135 357.33 18.87 6.79 28.82 20.83 80.63 1186.8 34.45  
 ∗ this configuration uses median for position-level sensor fusion among the three technologies
Fig. 7. Visualization of Gaussian noise probability density function.

The noise is the main source of positioning error, as already iden-
tified in the literature. The results presented in this work are based 
on the combination of D2D, RIS, and cellular data with independent 
and uncorrelated sources of noise, being the combination of those 
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three positioning sources optimal as the error sources due to noise 
are compensating each other. First, this finding is confirmed by [56], 
stating that in the case of uncorrelated noise, the number of anchors 
is inversely proportional to the estimation uncertainty. Furthermore, 
we base our assumption of uncorrelated noise on the fact that if 
each measurement is taken independently from the others, the noise 
(e.g., when constructing CRLB) can be considered non-correlated in 
the case of TOA system, which is the most widespread for RSS mea-
surements and is the case of this work. Differently, if more than one 
measurement is used for obtaining a system equation (TDOA system), 
then the measurements and the noise are correlated. Moreover, spatial 
channels and objects that contribute to the fading introducing noise 
in the system are different for each technology. For example, in the 
case of long-range cellular technology, the objects can be buildings 
and other large-scale objects, while in the case of short-range D2D 
communications, the objects are rather humans, trees, etc. Anyway, we 
should bear in mind that the anchors’ location impacts the positioning 
performance. In particular, the lowest errors occur when the D2D relays 
are located close to the MT with unknown coordinates, as shown in Fig. 
8(c) and Table  7(c).
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Fig. 8. CDF of individual error.
The selection of the four use cases covers different scenarios and 
provides more general results for the proposed method as follows.

• cellular localization is significantly enhanced when RIS is applied 
only for the nLoS case, being the improvement minor in the LoS 
case;

• in D2D, the location of devices defines the positioning accuracy 
in both LoS and nLoS scenarios;

• sensor fusion especially improves the positioning error in terms 
of the median.

6. Conclusions and future work

In this study, we presented a theoretical (probabilistic) distance-
dependent noise model in the CRLB variance range estimation, which 
also accounts for nLoS for D2D- and RIS-aided, and cellular positioning 
systems. Then, we compared them in terms of positioning precision 
(i.e., both lower bounds and positioning error). Through our simulation 
campaign, we identified the scenarios where one technology outper-
forms the other, as well as presented the localization performance of 
the D2D-, RIS-assisted cellular localization. In addition, we discussed 
the role of mean and median metrics in localization systems.

Based on the findings of this study, we draw the following conclu-
sions. First, RIS-aided localization is a viable option when the distri-
bution of D2D anchors is limited and/or when D2D/cellular path is 
blocked. Alternately, relaying is more effective than RIS positioning 
due to the short distances. Moreover, we emphasize that when the 
improvement of RIS and D2D over cellular positioning is marginal 
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(i.e., less than 50%), using a combination of RIS, D2D, and cellular 
technologies results in the lowest positioning errors. Further, when 
one of the technologies shows a significant improvement over cellular 
positioning, it offers the best performance among all configurations. 
Moreover, using the median for position-level sensor fusion in cases 
where the locations are obtained from the three methods can reduce the 
positioning error by 41% compared to mean fusion, and this approach 
can be considered practical for minimizing the mean error.

As future works, we highlight the following directions:

• Although the proposed distance-dependent noise model that we 
use for CRLB is general and applicable to various scenarios, it 
still relies on LoS probability that needs to be recalculated for 
different environments defined in 3GPP. While the approach is 
theoretically applicable across a wide range of scenarios and it 
utilizes 3GPP compliant models that are designed based on em-
pirical measurements and ray tracing results, further adjustments 
and validations of the distance-dependent noise model might be 
needed in practical applications.

• As discussed above, the location and geometry of the anchors 
impact the accuracy of positioning. However, since the device 
coordinates are unknown, this poses a challenge. To deal with it, 
optimization of the location of the infrastructure should be per-
formed based on metaheuristics and optimization algorithms [62,
63].

Reproducible Research: The open-source code is available from htt
ps://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localizat

https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS
https://github.com/NadezhdaChukhno/Cooperative-RSSI-based-Localization-using-cellular-data-D2D-and-RIS


N. Chukhno et al. Ad Hoc Networks 175 (2025) 103862 
ion-using-cellular-data-D2D-and-RIS. The final release is also published 
in Zenodo to guarantee long-term access to the developed source code: 
https://doi.org/10.5281/zenodo.15271732.
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