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ABSTRACT

Positioning is gaining increasing importance in mobile systems due to its potential integration
with many 5G verticals. In non-terrestrial networks, positioning of aerial vehicles constitutes
a crucial element of the communication, control, and applications of these systems. Unmanned
aerial vehicles (UAVs) have become strategic actors in this technical and economic trend.
A distinctive feature of UAV positioning in mobile networks is that signals from multiple base
stations, or anchors, can typically be received and employed for localization, as propagation
conditions, including the fundamental line of sight availability, improve with altitude. However,
this advantage poses serious issues in terms of computational complexity, channel occupation,
and latency unless an appropriate selection of available anchors is performed. In this work,
we investigate and discuss several anchor selection strategies under realistic propagation
scenarios, with an emphasis on the impact of multipath, according to the 3GPP channel models
for aerial vehicles. The application of these strategies to channels affected by multipath using
a standard least squares positioning technique reveals interesting properties and design di-
rections for a feasible solution to the anchor selection problem. Notably, we show that even 3
or 4 well-selected anchors are often sufficient to achieve sub-meter 3D positioning accuracy.

1. Introduction

In modern 5G systems and applications, localization is gaining increasing interest,
as it provides fundamental advantages in several scenarios, including industrial ones.
Starting from Release 16 (3GPP 2018a) of the 5G specifications, we have seen
growing attention toward positioning techniques in different deployment scenarios
and use cases. Standard techniques based on cell identity (Cell-ID), round-trip-time
(RTT), angle of arrival (AoA), angle of departure (AoD), and time difference of
arrival (TDoA) constitute the core of the new radio (NR) positioning system and are
configured in either uplink or downlink through the introduction of novel dedicated
signals and procedures. In particular, the introduction of positioning reference signals
(PRSs), which enable accurate estimation of time-of-arrival (ToA) and support RTT
capabilities, is of great importance for 3D localization. This is especially relevant in
the context of unmanned aerial vehicles (UAVs), which can benefit from improved
acrial traffic management, enhanced positioning accuracy, and better integration with
other non-terrestrial devices and systems, such as aircrafts, high-altitude aerial
platforms, and satellites.

The implementation of highly precise horizontal and vertical positioning functions
has been addressed since Release 17 (3GPP 2022), which also introduced several
enhancements, ranging from improved network efficiency (e.g., on-demand trans-
mission of PRSs) to better device efficiency, reduced latency, and support for high
integrity and reliability requirements in positioning (3GPP 2023a). Further improve-
ments are expected with the upcoming Release 18 (3GPP 2023b), which aims to
enable ultra-high positioning accuracy — down to centimeter-level — for industrial
internet of things (IloT) use cases, through the introduction of carrier phase posi-
tioning, reduced capability user equipment (UE) with positioning support, and side-
link positioning.

High-altitude aerial platforms, aircraft communication, and UAVs have been the
subject of considerable interest in the 3GPP standardization process since the
deployment of 4G. It is needless to list all the applications of UAVs — from logistics
to agriculture and emergency communications — and the related need for resilient and
powerful connectivity and positioning systems for their control and for advanced air
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traffic management systems. Since Release 15 (3GPP 2018Db),

increasing efforts have been devoted to understanding the

performance of mobile networks when used to serve aerial
vehicles, as well as to defining the directions and solutions

for enhancing their integration and connectivity (3GPP 2017).

More recently, during the development of Release 17 (3GPP

2022), a wide range of applications and scenarios for low-

altitude UAV's was considered, such as high-resolution video

live broadcast, autonomous flight, aerial communications,
and others (3GPP 2019). In addition, full support for ad-
vanced unmanned aerial systems connectivity, identification,
and tracking in the context of 3GPP systems and unmanned
aircraft system traffic management (UTM) authorities is

becoming a crucial requirement (3GPP 2021).

In the context of anchor selection and network planning,
previous works have mainly focused on the maximization of
data rate, coverage extension, and the reliability and integrity
of communications. Few studies have approached the prob-
lem of anchor selection for a 3D localization-oriented use
case within 5G networks, and none exist for the specific
application of UAVs. In Xhafa et al. (2022), a 5G-based
localization method is studied that jointly exploits uplink
TDoA and AoA, aided by a base station (BS) exclusion
method capable of detecting and eliminating measurements
affected by non-line-of-sight (NLoS) conditions. In Deng et
al. (2020), through the analysis of the geometric dilution of
precision, it is shown that a BS selection strategy based only
on channel conditions is not fully satisfactory for hybrid
positioning, where the estimate is achieved by the concurrent
use of TDoA, RTT, and direction-of-arrival (DoA) measure-
ments combined with a prior position estimate to be updated.
In Albaidhani et al. (2019), indoor localization using a limited
number of ultra-wideband (UWB) nodes is studied, and an
algorithm for optimal anchor selection is proposed, feasible
for scenarios with a low number of available anchors.

This work builds on the study presented in Facheris and
Reggiani (2023), in which we derived a mathematical frame-
work to evaluate the localization accuracy bound achievable
in the context of 5G networks and, based on this formulation,
proposed several anchor selection strategies. The selection is
performed according to the strategies described in Section 4.
This paper is an extended version of Reggiani and Facheris
(2024), and the main contributions are the following:

1. Evaluation of the impact of multipath on ranging and
positioning precision in the 3D case of UAVs.

2. Simulation and discussion of strategies for decreasing the
number of anchors (when redundant), in the presence of
multipath and NLoS.

3. Analysis of the impact of applying a real localization
algorithm, i.e., nonlinear least squares (NLLS), on the
performance and selection of anchors.

4. The inclusion of multipath and a real algorithm reveal
cases where a simple signal-to-noise-ratio (SNR)-based
selection technique is a satisfactory solution to a poten-
tially complex problem. At the same time, the most so-
phisticated solution, denoted as “J-iterative,” consistently
preserves the best performance when reducing the number
of anchors.
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5. Compared to Reggiani and Facheris (2024), this paper
presents additional and more exhaustive numerical results,
enabling a more detailed and structured evaluation of the
potential of the techniques exploited for reducing the
number of anchors.

The paper is structured as follows. Section 2 presents the
system and signal models considered for the study, while
Sections 3 and 4 describe the algorithms used to evaluate the
positioning bound and the performance of practical algo-
rithms. Section 4 also introduces the anchor selection ap-
proaches, and Section 5 presents and discusses the numerical
results and comparisons.

2. System model

Our scenario consists of an area (2000 x 2000 m) in which a

UAV has to be located through 5G signals emitted or received

by a set of BSs or anchors. The anchors are perfectly syn-

chronized with each other, and their exact positions are known.

The scenario is composed of a rectangular grid of 25 BSs

equipped with omni-directional antennas, which are suited to

model a 5G/5G-Advanced network capable of emitting beams
in all directions with similar power intensities. In Fig. 1b, the
grid of points at which the positioning performance is evalu-

ated is shown: with respect to Reggiani and Facheris (2024),

in which only the positions marked by black points were

simulated, here the denser grid of gray points has been added
to refine the numerical results. Between each anchor and the

UAV, the 3D direction is given by the relative azimuth and

elevation angles, as depicted in Fig. 2. Further details of the

system model are listed below:

e The anchors are placed 500 m apart from each other, and
each anchor is located at an altitude of 25 m.

e Only an isotropic beam is emitted by each BS. Please note
that this scenario is equivalent to a set of beams, emitted
by large antenna arrays, that potentially cover all direc-
tions in space.

e The system operates at a carrier frequency of 3.6 GHz,
transmitting the PRSs according to a muting pattern scheme
to prevent mutual interference (3GPP 2023c¢). The PRSs
span 12 symbols and 52 resource blocks, with a subcarrier
spacing of 15 kHz and a total bandwidth of B =10 MHz.

o The equivalent isotropic radiated power (EIRP) is set to
3.16 W (35 dBm), and the power spectral density of the
noise to Ny=2 x 102°J.

e The UAV is placed inside a square grid of points at dif-
ferent altitudes, from 30 to 300 m. As shown in Fig. 1b, a
grid with higher point density at the center of the scenario
is simulated to derive more accurate results and a more
detailed distribution of the errors.

e Phase noise, Doppler effect, and other impairments are
neglected.

e The channel is modeled according to 3GPP (2017).
Therefore, the numerical results take into account the
impact of path loss, shadowing, multipath, and line-of-
sight (LoS) conditions as a function of altitude (between
30 and 300 m). The environment selected for this study is
the urban macro (UMa) scenario defined in 3GPP (2017),



324 L. Reggiani and A. Facheris

(@

OBs
x UAV

£

—cFmmmmmmm =X

100

B ek

—o

B L

B

B
x--------x
>

B

—o

1500

1000

500

X, m 2000

3D layout

2000

(b)
20000 T —Q— T - T - T 9
OBs
1800 X X x | X UAV
UAV (dense scenario)
1600 8
o (] [} 9 o
1400 8
X X X X
1200
£ 10000 o ] o °
800 1 X X X X
600 - 8
(] 9 [} 9 (]
400 - 8
X X X X
200
Oe 1 1 e 1 1 e 1 1 e 1 1 °
0 200 400 600 800 1000 1200 1400 1600 1800 2000
X, m
2D layout

Fig. 1. Geometric layout (2D and 3D) of the base stations (BS) and unmanned aerial vehicle (UAV) positions used in the simulations.

Fig. 2. Relative angles, elevation and azimuth (v,, y,), between
the target and the k-th anchor.

which is the most challenging and interesting in terms of
the expected applications.
e The SNR is defined, for the generic j-th link, as

lajo|*- EIRP
SNRj = =g N,

where % is the first path complex channel gain of the j-th
link.

3. Positioning performance bound

To achieve a lower bound on positioning performance, de-
noted as the squared positioning error bound (SPEB), we
exploit the Cramér—Rao lower bound (CRLB) for the UAV
position developed in Facheris and Reggiani (2023). This
work includes the impact of multipath on each link under LoS
or NLoS conditions, based on the SNR reduction model
presented in Section 3.1. This measure represents the lowest
possible mean squared error of an unbiased estimator, con-
sidering both the channel conditions and the geometric layout
of the anchors.

Furthermore, we assume no a priori information about the
UE position, and that the receiver clock is perfectly stable
during the time interval required to receive all the signals
employed to estimate the position. Two common cases are
considered: timing synchronization between the UAV and the
BSs, and absence of timing synchronization. The latter case
is modeled by introducing an additional unknown timing
offset (TO) in the estimation process.

The ranging error is modeled taking into account the
multipath impact, as explained in Section 3.1. In addition, an
outage probability is defined on the SPEB, as reported in
Section 3.2. Finally, in some selected figures, the SPEB is
presented in its vertical and horizontal components, denoted
as SPEB |, and SPEB,, respectively, to highlight some inter-
esting performance differences as a function of the UAV
altitude.

3.1. Ranging error

The relation between the SNR and the ToA accuracy bound
of the single link depends on the propagation conditions be-
tween the target and the anchor. There is a vast literature
about the ToA accuracy bounds, developed particularly for
wideband systems, where multipath has a significant impact.
Excluding the performance regions at low SNRs, it is
commonly assumed that the bias effect due to multipath
becomes negligible and ToA errors are well described by the
CRLB, which is inversely proportional to the SNR associated
to the first LoS path. Following the derivation in Facheris and
Reggiani (2023), the Time of Arrival CRLB for the j-th link
is given as follows:

1
1672B - Tops - B~ (1— x) - SNR;

CRLB(1)) = )

where T, is the duration of the PRS, f and B are the cor-
responding effective and actual signal bandwidths, and y is a
multipath factor introduced here to include the path-overlap
phenomenon (Shen and Win 2010) (with y = 0 in free space
or for B — o). The effective bandwidth is given as follows:
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where S;( /") denotes the Fourier transform of s;(7). Exploiting
the CRLB 3D ranging bound presented in Wang et al. (2017),
we have evaluated the SNR reduction term (1 — y) in Eq. (1)
by simulating 500 UMa multipath realizations at different
altitudes. We found that this term can be well approximated
by a Gaussian variable in the dB domain, with mean and
standard deviation equal to (-23.4, 3.7) dB for the LoS case
and (-24.3, 8.2) dB for the NLoS case.

B

3.2. Positioning outage

To control the presence of outliers in the computation of the
SPEB, averaged with respect to many positions and channel
realizations, we define an outage in the positioning estimate
if the error exceeds a threshold that depends on the altitude 4,
and precisely equal to & /2. As the altitude increases, the
distances from the BSs increase, along with the corresponding
volume around the UAV of estimates considered acceptable
in a realistic system. Therefore, in addition to the squared
mean error, computed within the set of errors that are within
the threshold, we report the probability that the error exceeds
the threshold as the outage probability P,

4. Positioning techniques and anchor
selection strategies

To estimate the position of the UAV and test the anchor se-
lection strategies in a real positioning system, we have adopted
the well-known NLLS algorithm (Bar-Shalom et al. 2002),
defined as:

A Na 2
x:argm)jnZ(|x—xk|—pk) , 3)
k=1

where x denotes the 3D position of the target, x, denotes
the 3D position of the k-th anchor, and p, denotes the cor-
responding pseudorange. The implementation of the NLLS
algorithm is carried out exploiting the nonlinear least-squares
solver function of MATLAB Isqnonlin(), with default para-
meters. In particular, the maximum number of iterations is
400, and the termination tolerance on the first-order opti-
mality is 10°°.

The input of the algorithm is constituted by a set of
distances with Gaussian errors, generated according to the
CRLB in Eq. (1). In the case of NLoS links, which are dis-
carded in the SPEB (Section 3), the distance error is also af-
fected by a bias, computed assuming that the propagation path
between the anchor and UAV has an angle of departure
uniformly distributed between 45° and 80° relative to the LoS
path, with just a single reflection. The resulting performance
of the NLLS algorithm is measured by the mean squared posi-
tioning error (SPE) of the simulated positions estimates, i.e.,

1 A N2
SPE:NZ(xn—xn), )
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where N is the number of simulations, x_is the actual position

of the target in the n-th simulation, and X is the estimated

position. The SPE is computed excluding errors that exceed
the threshold defined in Section 3.2. These errors, treated as
outliers in the estimation procedure, determine the outage

probability P
The problem of the selection strategies is approached by

starting from the full set of available anchors, which can be

potentially large for UAVs because of their altitude (simu-
lations show that the signals from tens of BSs are detectable
in terms of SNR), and recursively selecting the anchor to be
excluded from the list. At each recursion, one anchor is re-
moved and the process continues until the minimum number
of anchors required for 3D position estimation is reached —
either using ToA (assuming synchronization) or difference

ToA (in the case of no synchronization between the UAV and

the BSs). The strategies, adapted and refined from Facheris

and Reggiani (2023), are briefly summarized in the following
list.

1. SNR: This is the simplest strategy, in which the anchor
with the worst SNR is discarded at each recursion.

2. Distance: The anchor farthest from the UAV is discarded
at each recursion.

3. Azimuth: At each recursion, all azimuthal angles between
the UAV and anchors (Fig. 2) are sorted into a vector, and
the differences between consecutive angles are computed.
The two anchors with the minimum azimuth difference
are selected, and the one with the worst SNR is discarded.
The principle is to discard the anchor with minimum im-
pact on the azimuthal plane, as another anchor at the same
angle is already present.

4. Azimuth + elevation: This strategy follows the same
principle as the azimuth-based technique but also includes
elevation to exclude the anchor that has a 3D path direc-
tion to the target UAV already covered by another one
with better SNR.

5. J-iterative: This technique is based on the Fisher in-
formation matrix J derived for the computation of the
bound. At each recursion, the impact of removing each
anchor on the bound is evaluated by eliminating the cor-
responding columns in the matrices used to compute the
bound. The anchor with the minimum SPEB reduction is
discarded. This strategy, which is expected to yield the
best results, is also the most computationally demanding.
All parameters necessary for evaluating the SPEB (dis-
tances, angles, and link SNRs) are required. Except for
the SNR-based strategy, which is the simplest, all other
approaches require a priori knowledge of geometric para-
meters (distances and angles from anchors to the UAV),
which could be estimated during a tracking process, ex-
ploiting the predicted position from the previous tracking
step. In this paper, these parameters are assumed to be
known perfectly.

5. Numerical results

Here we present the results, in terms of SPEB or SPE (NLLS
algorithm), obtained from the scenarios presented in Section 2,
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Fig. 3. SPEB (bound) and SPE (NLLS algorithm) using the SNR
and J-iterative strategies, as a function of altitude h. The SPEB
(bound) and SPE are computed with the maximum number of
anchors, while the results for the other strategies are obtained
with the maximum anchor reduction N =21

R,MAX
as a function of the following variables and algorithm options.
For each altitude (from 30 to 300 m in steps of 10 m), 200
points are randomly generated on the corresponding hori-
zontal plane, according to a 2D uniform distribution within
the area of interest. For each of these points, 50 independent
static channel realizations are simulated, leading to a total of

10 000 simulations for each different altitude.

Before presenting and discussing the results, it is worth
highlighting that both SPE and SPEB depend on the UAV’s
position, due to the geometric dilution of precision (GDoP).
Particularly, since the altitude estimate error is dominant,
accuracy improves when the UAV is located directly above
one of the anchors. We observed that the difference in posi-
tioning accuracy between the best and worst points is ap-
proximately 5 dB. Given that this fluctuation is relatively
small, the graphs will present only the average results over
different UAV positions within the area of interest, which we
believe are reasonably representative of the entire region.

The plots are presented as a function of the

UAV altitude 4, ranging from 30 to 300 m;

Number of reduced anchors N,, ranging from 0 (the

position is determined exploiting all the available an-
chors) to the maximum N, ...= N, —4, (N, denotes the

total number of anchors, equal to 25), since at least four
anchors are necessary to obtain the 3D position.

The algorithm options that are used for evaluating the
multipath impact on performance are:

o NLoS detection, “absent” or “ideal.” While in the SPEB
computation the NLoS links are always excluded from the
theoretical bound, as they do not contribute to the position
estimate, in the application of the real algorithm (NLLS),
we distinguish between the absence of a specific detection
strategy for the NLoS condition and the correct detection
and exclusion of all the links that are NLoS. The results
in the figures refer to the ideal detection of NLoS con-

SPEB, m?

10° w

== Bound

—¢— TO, bound

= @ :SNR
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-— 6— + J-iterative

— ©—-TO, J-iterative

50

100 150
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Fig. 4. Impact of the absence of timing synchronization (TO) on
the SPEB (bound) using the SNR and J-iterative strategies, as a
function of altitude h. For the selection strategies (excluding the
bounds), the maximum anchor reduction Np ., = 21 is applied.

ditions and exclusion of the corresponding measures, un-
less otherwise stated.

The presence or not of a TO between the set of anchors,
which are synchronized, and the UAV. This corresponds
to the two cases of algorithms based on ToAs or TDoAs.
The quality of the numerical results does not change with
or without the TO, i.e., with ToAs or TDoAs, but the ab-
solute values of the SPEB and SPE are decreased.

In Figs 3-5, we can observe how the SPEB and SPE, for
the NLLS, change with altitude, without and with the ap-
plication (down to the minimum number of necessary an-
chors) of the two main reduction strategies, SNR and J-iter-
ative. The curves are reported with no anchor reduction and
with the maximum number of reduced anchors, Np 4/ y-
In addition to the difference between the bound and the real
algorithm (NLLS), we can observe the following main as-
pects, generally confirmed also by the results reported in the
sequel:

e The SPE and SPEB decrease with altitude /4, at least up
to the altitudes of interest for the UAV application, even
though the distance between the UAV and the anchors —
and, consequently, the path loss — increases. This is due
to the dominant improvement of propagation conditions,
as the multipath impact and the number of NLoS links
decrease with increasing altitude.

The performance difference between applying or not
applying the selection strategies with the maximum an-
chor reduction is confined within a factor of 10. This con-
firms that, in the presence of many anchors, it is possible
to considerably reduce the number of signals exploited in
the estimation process. This reduction has a positive
impact on the computational complexity of positioning
algorithms and on latency when the device collects dis-
tance measures from the anchors serially (downlink po-
sitioning).
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e The performance difference between the most complex,
J-iterative, and the simplest, SNR-based strategies is also
generally low, but becomes more significant when the
additional TO needs to be estimated, i.e., in absence of
synchronization (Fig. 4).

It is interesting to notice that the vertical and horizontal
components behave differently as a function of the alti-
tude 4, both for the SPEB and the SPE: the horizontal
component is almost constant, slightly increasing due to
the decrease in SNRs, while the vertical component is
considerably higher at low / and then decreases rapidly.
This is because the increase in relative elevation angles
improves the estimation of the vertical component (Fig. 5).
Now Figs 6 and 7 are used as a performance benchmark,

as they represent the SPEB as a function of the number of
reduced anchors N, for the different strategies, with and
without TO. The results in Figs 6 and 7 — and in the following
ones — are obtained by averaging the SPEB or SPE at the two
extreme intervals of the altitude range, in order to highlight
the performance differences. In fact, comparisons among the
different techniques at intermediate altitudes do not provide
additional information. We can observe that:

e The main differences among the strategies become more
evident at the extreme values of N,, where some strategies
produce higher errors and outliers, as reflected in P .
This means that anchor exclusion can result in a geometric
layout of the remaining anchors that is no longer com-
patible with a reliable position estimate.
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detection.

e After the J-iterative, which is the best, the SNR-based
strategy seems a valid alternative, if the issue related to
the presence of outliers at a low number of anchors (high
N,) is managed correctly. The advantage provided by the
J-iterative is higher in the absence of synchronization, as
shown in Fig. 7.

e Between the presence or absence of the TO, there is
approximately a performance loss between 10%7° and 10,
at least for the best strategy. For the other strategies, we
observe a remarkable degradation for high values of
anchor reduction. This is also confirmed for the NLLS.

e The scenario with the UMa channel model loses
approximately a factor of 10?7 in the SPEB compared to

free space (not reported here). This is also confirmed for

the NLLS.

Moving to the application of real algorithms, we can
observe and confirm some interesting differences: in Fig. 8,
it is clear how the performance does not change significantly
with NV, except in the region close to the maximum anchor
reduction, when the geometric outliers produce their impact.
At the same time, the SPE tends to decrease with N,
especially at the beginning of the application of reduction
strategies (low N,); in addition, the loss with respect to the
SPEB is within a factor of 10%°, and the pure impact of
multipath (deactivation of multipath in the channel model) is
around 10? (not shown in the figures). Then, if we add the
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detection.

effect of TO, in Fig. 9, we observe a general performance loss
of about 10° and a reduced difference among the strategies,
especially at low altitudes. It is also interesting to notice that,
if we deactivate the NLoS detection, we typically observe
(i) a general performance decrease, higher at low altitudes,
as expected, and (ii) a faster SPE improvement at low-to-
medium altitudes as NV, increases, due to the gain obtained by
excluding measures that are likely generated by NLoS links.
Furthermore, the SNR-based strategy appears to be the best
one for this reason at low altitudes, as the SNR is a coarse but

valid parameter for distinguishing LoS from NLoS measures.
Fig. 10 shows an example of this case.

Finally, Fig. 11 presents the cumulative distribution
function (CDF) of the SPEBs with and without TO, in which
some of the properties and results already discussed can be
observed in more detail: in particular, we can appreciate the
advantage provided by the J-iterative strategy in the absence
of time synchronization and the impact of outliers, which is
included in the CDFs, as they do not achieve the value 1
within the shown error range.
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Fig. 11. CDF of SPEB at the two extreme altitude intervals (bold lines refer to h = 30-75 m, and the others to h = 255-300 m) with and

without prior time synchronization.

6. Conclusion

This paper focused on the investigation of anchor selection
strategies in the context of unmanned aerial vehicle local-
ization in advanced mobile networks, using time-of-arrival-
or time-difference-of-arrival-based techniques. We addressed
the problem of reducing the number of anchors from a set of
available ones, employing different types of information at
the UAV in propagation conditions that include realistic path
loss, shadowing, and multipath, and applying a least squares-
based algorithm in addition to the Cramér—Rao lower bounds.
We showed that the number of anchors can be significantly
reduced without compromising performance, and that and the
corresponding reduction in complexity and latency can also
be obtained through simple signal-to-noise-ratio-based tech-
niques, especially at low altitudes. In more challenging con-
ditions, such as the absence of synchronization and anchor
reduction close to the maximum, the J-iterative technique
demonstrated a clear advantage. In future work, the anchor
selection strategies developed here could be further explored
through experimental tests, to better evaluate localization ac-
curacy and performance loss due to anchor reduction, while
also investigating two-way ranging techniques to synchronize
the user equipment with the anchors.
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Mitmerajalisuse moju ankrute valikustrateegiatele droonide
lokaliseerimisel mobiilsidevorkudes

Luca Reggiani ja Alberto Facheris

Artikkel kadsitleb ankrute valikustrateegiaid droonide (UAV) lokaliseerimiseks mobiilsidevérkudes, kasutades
signaali saabumisajal (ToA) ja signaali saabumisaegade erinevusel (DToA) pdhinevaid tehnikaid. Uurisime,
kuidas véhendada ankrute arvu ilma tapsust kaotamata, arvestades realistlikke levitingimusi, nagu tee kadu,
varjutus ja mitmerajalisus. Rakendades vahimruutude algoritmi ja Cramér—Rao alumisi piire (CRLB), naitavad
tulemused, et ankrute arvu saab oluliselt kahandada ilma sooritust ohustamata ning et keerukust ja latentsust
saab vahendada ka lihtsate signaali-mura suhtel pdhinevate tehnikate abil, eriti madalatel kérgustel. Raske-
mates tingimustes, néiteks slinkroonimata slisteemides v6i ankrute maksimaalse véhendamise korral, osutub
J-iteratiivne meetod tShusaimaks. Edasised uuringud vdiksid hdlmata eksperimentaalseid katseid, et veelgi
paremini hinnata lokaliseerimistapsust ja ankrute vahendamise maoju.
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