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Abstract
Device‐free localisation (DFL) is a prominent example of radio sensing and radio fre-
quency (RF)‐based passive localisation. RF‐based passive localisation approaches deter-
mine the position of a non‐cooperative user based on the user's impact on radio
propagation. In this regard, DFL systems measure user‐induced changes in the properties
of the received RF signals. With multipath‐enhanced device‐free localisation (MDFL), a
novel passive localisation approach which is taking the advantage of user‐induced fading
in the multipath signals, that is, reflected and scattered signals is introduced. In this work,
the authors realise an MDFL system using low‐cost ultra‐wideband (UWB) devices.
Specifically, the Qorvo (DecaWave) DW1000 module is used, for which how to access the
channel impulse response is described in detail. Additionally, an overview of the required
signal processing for MDFL is provided and a possible sequential Bayesian approach is
introduced. Moreover, an efficient ranging scheme based on time‐division multiple access
(TDMA) and message broadcasting is outlined, which allows the deployment of a large
number of interconnected UWB devices. Using an exemplary network of interconnected
UWB devices, the localisation performance of both DFL and MDFL for an indoor
scenario is evaluated. Thereby, MDFL is shown to clearly outperform DFL in terms of
robustness and accuracy. Furthermore, a TDMA‐based ranging scheme for active local-
isation is used, that is, for localising an UWB device carried by the user, allowing for a
direct comparison between active and passive localisation. Achieving a sub‐decimetre
accuracy, the active localisation outperforms both DFL and MDFL, and thus, shows
the possibility of using an active localisation device to initialize MDFL.
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1 | INTRODUCTION

Indoor localisation has received at lot of attention in recent
years and is expected to become even more important in the
future. Whereas for outdoor global navigation satellite systems
(GNSSs) are commonly used for localisation, the localisation
accuracy of GNSSs in indoor scenarios is drastically reduced or
even impossible. In these situations, the received GNSS signals
might be blocked, degraded by multipath effects or received
with low power [1]. To enhance the localisation performance

indoors, different methods and sensor systems can provide
position information rather than relying on GNSSs. Most of
the indoor localisation systems are active radio frequency (RF)‐
based localisation systems, which require the user to carry a
localisation device like a smartphone. Alternatively, passive
localisation systems estimate presence and location of a non‐
equipped user by measuring the user's impact on the propa-
gation of RF signals [2, 3]. A prominent example of an RF‐
based sensing technology is device‐free localisation (DFL)
[2]. In DFL, static transceiving nodes are exchanging RF

Christian Gentner and Martin Schmidhammer have equally contributed as co‐first authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.

© 2023 The Authors. IET Microwaves, Antennas & Propagation published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

IET Microw. Antennas Propag. 2023;17:667–676. wileyonlinelibrary.com/journal/mia2 - 667

https://doi.org/10.1049/mia2.12373
https://orcid.org/0000-0003-4298-8195
https://orcid.org/0000-0002-9345-142X
mailto:christian.gentner@dlr.de
https://orcid.org/0000-0003-4298-8195
https://orcid.org/0000-0002-9345-142X
http://creativecommons.org/licenses/by/4.0/
https://ietresearch.onlinelibrary.wiley.com/journal/17518733
http://crossmark.crossref.org/dialog/?doi=10.1049%2Fmia2.12373&domain=pdf&date_stamp=2023-05-27


signals between each other. The presence and location of a
non‐equipped user can be inferred, by measuring the received
power between transceiving nodes along the line‐of‐sight (LoS)
path. The DFL system directly relates these received power
measurements to the user location [2, 4–7], thereby, the
localisation accuracy of such DFL systems improves with the
number of network nodes [6, 7].

In refs. [3, 7, 8], we introduced a novel algorithm which
extends and improves the DFL system by using multipath
propagation. We consider the propagation paths of multipath
components (MPCs) as additional network links and showed,
that user‐induced fading can be also observed in the received
power of these propagation paths. For the same amount of
network nodes, multipath‐enhanced device‐free localisation
(MDFL) is shown to improve the localisation performance
compared to DFL and helps to reduce infrastructural
requirements.

In ref. [9], we have shown how to realise an MDFL system
using low‐cost ultra‐wideband (UWB) devices. Specifically, we
used modules based on the Qorvo (DecaWave) DW1000
module [10] and a Raspberry Pi 4 Model B1. Basically, an
MDFL system relies on the processing of the channel impulse
response (CIR) between the different modules. We have
therefore described in detail how to access the CIR of the
DW1000 module and how to estimate and process required
signal parameters. For synchronisation, we applied a double‐
sided two‐way ranging (DS‐TWR) procedure for determining
absolute time information between the individual UWB
devices.

In this work, we apply the MDFL system to a densely‐
meshed network of UWB devices. Following ref. [11], we
apply a time‐division multiple access (TDMA) scheme, allowing
a large number of UWB devices to successively broadcast
sensing messages. We show how to determine the absolute time
information between the individual UWB devices similar to the
DS‐TWRmethod. After introducing a possible BayesianMDFL
solution, we finally examine the experimental setup using an
example trajectory in an indoor scenario. We compare the
MDFL to the DFL solution. Thereby, MDFL is shown to clearly
outperform DFL in terms of robustness and accuracy.
Furthermore, we use the TDMA‐based ranging scheme for
active localisation implemented using an extended Kalman
filter (EKF). Here, a user carried an UWB device which
allowed a direct comparison between active and passive
localisation.

2 | SYSTEM SETUP AND SIGNAL
PROCESSING

In this section, we provide the signal processing for
measuring user‐induced fading to MPCs required for MDFL.
In particular, we introduce the signal model and describe how

to access the CIR of DWM1000 UWB modules. Subse-
quently, we detail the principles of an efficient ranging
scheme that enables the deployment of a large number of
interconnected UWB devices.

2.1 | Signal model

Let's consider a meshed network with NC transceiving nodes
C1;…CNC with known locations at rCi ; i ∈ f1; …; NCg.
The network link configuration is then determined by the in-
dex set P, where link l is determined by the ith transmitting
and the jth receiving node, that is, ði; jÞ ∈ P [3].

For a network link l, the received signal, that is, the CIR, is
modelled as a superposition of scaled and delayed replica of a
known transmit signal sl(t) due to reflections and scattering
[12]. Ideally, the transmit signal would be a Dirac impulse.
However, due to limited bandwidth and hardware imperfec-
tions, we had to explicitly determine the reference signal in an
anechoic chamber. Parts of the determined reference signal are
illustrated in Figure 1. Eventually, the modelled received signal
comprises the LoS component and a finite number of Nl
MPCs, which can be expressed as

ylðtÞ ¼
XNl

n¼1
αl;nðtÞsl t − τl;n

� �
þ nlðtÞ; ð1Þ

with time‐variant, complex amplitude αl;nðtÞ and static prop-
agation delay τl,n of the nth signal component. The circular
symmetric normal distributed noise is denoted as nl(t) with
variance σ2

yl
.

Since MDFL uses variations in the received power of signal
components for localisation, it is essential to know the corre-
sponding physical propagation paths. While inherently given
for the LoS by the respective locations of the transmitting and
receiving nodes, we need to model the propagation paths of
MPCs. As shown in ref. [3], we can use virtual nodes, that is,
virtual transmitters (VTs) and virtual receivers (VRs) as
mirrored positions of the respective physical nodes, to describe
the propagation paths. Thereby, the intersection points be-
tween paths of related nodes correspond to the physical
reflection points, which finally allow to geometrically recon-
struct the propagation paths, cf. [1, 3].

F I GURE 1 Sampled channel impulse response (CIR) of reference
signal in the Accumulator CIR memory of the Qorvo (DecaWave)
DW1000 module. The blue dots indicate sampling points and FP_INDEX
shows the detected leading edge of the DWM1000 module.

1
Please note, instead of the Raspberry Pi 4 Model B, also other microcontrollers can be
used.
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2.2 | Channel impulse response of DW1000
UWB modules

In this work, we demonstrate the applicability of MDFL using
low‐cost UWB devices. Therefore, we utilise modules based on
the Qorvo (DecaWave) DW1000 transceiving module [10]. In
our case, we use a breakoutboard equipped with the
DWM1000 module2 and connect it to the general‐purpose
input/output (GPIO) of a Raspberry Pi 4 Model B, see
Figure 2. The Raspberry Pi 4 Model B is used as the processing
unit, which is controlling the DW1000 transceiving module by
serial peripheral interface (SPI). Additionally, the Raspberry Pi
4 Model B offers the possibility to connect storage devices and
provides a variety of communication interfaces such as
Ethernet, wireless local area network (WLAN), and Bluetooth.
In the following, we refer to this hardware setup, that is, a
Raspberry Pi 4 Model B together with a DWM1000 module, as
a transceiving node.

The DW1000 module time stamps transmitted and
received UWB signals, which can be accessed by a processing
unit. Based on these time stamps, ranges between different
transceiving nodes can be estimated, see Section 2.3. For time
stamping received signals, the DW1000 module detects the
leading edge of the corresponding CIR. For detailed infor-
mation about the leading edge detection algorithm see [10].
Additional to the times stamps, the DW1000 module amongst
others stores the sampled CIR in an Accumulator CIR
memory. The Accumulator CIR memory contains the com-
plex 16 bit raw samples of the CIR, sampled with a frequency
of fs = 1 GHz. The detected leading edge is expressed in sub‐
samples, denoted as hf, and stored in the FP_INDEX field of
the Receive Time Stamp register. Therewith, the value
of FP_INDEX indicates the exact position of the leading edge
of the CIR in the Accumulator CIR memory, as shown in
Figure 1. The 16 bits of FP_INDEX are divided into two parts.
First, the 10 most significant bits represent the integer sample
number bℓ = ⌊hf/64⌋, that is, the sample prior to the leading
edge, cf. Figure 1. Second, the six least significant bits repre-
sent the fractional part hℓ = hf − ⌊hf/64⌋, that is, the interval
between bℓ and the leading edge as illustrated in Figure 1.

For further processing, we extract NB samples from the
Accumulator CIR memory. That means, we download the
samples B¼ B1;…;BNBf g with the sample indexes w ∈ {bℓ −
NI, …, bℓ, …, bℓ + NB − NI − 1}. To assure to access all
information of the CIR, we download NI samples before the
detected leading edge, which is also shown in Figure 1.

Until now, the CIR has no time reference. In order to
obtain a time reference of the CIR, that is, to obtain the CIR as
a function of time, the corresponding transceiving nodes need
to be synchronised, see for example, [11, 13–15]. Since the
signal propagation time is proportional to the propagation
distance, time synchronisation can achieved by estimating the
distance bda;b between two transceiving nodes Ca and Cb. Thus,

the CIR at Ca can be described as a function of the estimated
distance bda;b. Note that a corresponding ranging scheme is
explained in detail in Section 2.3. Each sample index w is
related to a distance value bds;w ¼

bda;b − hℓλs þ w − bℓð Þλs,
where λs = c/fs is the sample spacing and c is the speed of light.
Finally, we can express the CIR as a function of time using the
time values bτ s;w ¼

bds;w=c.

2.3 | Efficient ranging protocol for UWB
networks

A promising method for accurate distance estimation between
two nodes, is provided by DS‐TWR, which allows to achieve
distance estimation without a common clock synchronisation
and is able to compensate for linear clock drifts of the nodes,
cf. [15]. Figure 3 illustrates the DS‐TWR method, where
transceiving node Ca is initiating the DS‐TWR method with
Cb. Based on the transmitting time stamps T ðaÞ1 ;T ðbÞ1 ;T ðaÞ2 and
receiving time stamps RðbjaÞ1 ;RðajbÞ1 ;RðbjaÞ2 , cf. Section 2.2, we
can calculate the round‐trip times between transceiving nodes

F I GURE 2 Transceiving node including processing unit: DWM1000
module connected to a Raspberry Pi 4 Model B by a breakout board.

F I GURE 3 Illustration of the double‐sided two‐way ranging protocol
to estimate the distance between two transceiving nodes, that is,
transceiving nodes Ca and Cb.

2
The DWM1000 module is based on the DW1000 UWB transceiver IC and integrates
antenna, all RF circuitry, power management and clock circuitry in one module.
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Ca and Cb as Δ
ðaÞ
R ¼ RðajbÞ1 − T ðaÞ1 and ΔðbÞR ¼ RðbjaÞ2 − T ðbÞ1 , and

the processing times ΔðaÞP ¼ T ðaÞ2 − RðajbÞ1 and ΔðbÞP ¼ T ðbÞ1 −
RðbjaÞ1 . Following ref. [15], the distance da,b is then calculated by

bda;b ¼ c �
ΔðaÞR ⋅ ΔðbÞR

� �
− ΔðaÞP ⋅ ΔðbÞP

� �

ΔðaÞR þ ΔðaÞP þ ΔðbÞR þ ΔðbÞP

: ð2Þ

Please note, to calculate the distance bda;b at the transceiving
node Ca, the time stamps RðbjaÞ1 ;T ðbÞ1 ;RðbjaÞ2 of Cb are for-
warded from Cb to Ca using a dedicated report message.

In case of a fully‐meshed network with NC transceiving
nodes, the ranging procedure has to be performed for a total
of NC(NC − 1)/2 links, which scales quadratically with the
number of transceiving nodes. Thus, an increasing number of
transceiving nodes NC leads to strongly increasing update
times, since the ranging procedure is performed sequentially,
and to an immense load on the radio channel due to the
required message exchange. Therefore, in ref. [11] we proposed
a novel approach for estimating the distance between NC

nodes. The approach uses a TDMA scheme which consists of
slots and frames. Each transceiving node broadcasts/transmits
a message at a dedicated time slot. Additionally, each trans-
ceiver listens to the channel and records all receive times of the
neighbouring transceiver.

Figure 4 illustrates the proposed approach of ref. [11]. The
figure shows an example with four different transceiving
nodes: C1, C2, C3, and CNC. The rectangular boxes indicate the
different frame‐identification numberss (IDs), with frame‐ID k

and frame‐ID k + 1. In frame‐ID k, C1 transmits a message at
time T ð1Þk , all other transceiving nodes a0 with a0 ∈ {2, 3, NC}
are recording the receiving time stamps R a0j1ð Þ

k . Thereafter, CN1

transmits a message at T ð2Þk , and all other transceiving nodes
a00, with a00 ∈ {1, 3, NC}, are recording the receiving time
stamps R a00j2ð Þ

k . This procedure is done for the whole TDMA
frame with frame‐ID k, that all nodes are transmitting. In the
next frame, frame‐ID k + 1, the transmission and reception is
done equivalently.

By knowing the receiving and transmitting time stamps, the
distance bda;b between Ca and Cb, can be calculated using
Equation (2) with

ΔðaÞR ¼ RðajbÞk − T ðaÞk ð3Þ

ΔðbÞR ¼ RðbjaÞkþ1 − T ðbÞk ð4Þ

ΔðaÞP ¼ T ðaÞkþ1 − RðajbÞk ð5Þ

ΔðbÞP ¼ T ðbÞk − RðbjaÞk ð6Þ

for b > a and

ΔðaÞR ¼ RðajbÞkþ1 − T ðaÞk ð7Þ

ΔðbÞR ¼ RðbjaÞkþ1 − T ðbÞkþ1 ð8Þ

ΔðaÞP ¼ T ðaÞkþ1 − RðajbÞkþ1 ð9Þ

ΔðbÞP ¼ T ðbÞkþ1 − RðbjaÞk ; ð10Þ

for a > b. The individual time stamps can be shared by a cloud
service, as in ref. [11], or distributed as payload using the UWB
ranging messages. Note that for the latter, the number of
transceiving nodes could be limited by the data throughput of
the UWB standard. Furthermore, note that the proposed
TDMA ranging protocol can mitigate the clock drifts of the
different nodes as long as the clocks can be assumed to drift
linearly. In order to ensure this assumption, the frame duration
has to be chosen as low as possible.

3 | MULTIPATH‐ENHANCED DEVICE‐
FREE LOCALISATION

The following section outlines the principles of MDFL as a
radio sensing approach. First, we describe how user‐induced
fading on individual MPCs is measured from the extracted
CIRs (cf. Section 2), including both system initialisation and
online parameter estimation. Then, based on a measurement
model that relates fading on MPCs to a user's location, we
present a Bayesian MDFL realisation for user localisation and
tracking.

F I GURE 4 Proposed time‐division multiple access double‐sided two‐
way ranging scheme to estimate distances between different nodes.
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3.1 | System initialisation

Initially, we need to determine the propagation effects of the
static environment for each network link. Therefore, we observe
the channel of each network link over an initialisation period,
during which the environment should be ideally devoid of any
user. We then determine the amplitude and delay values of all
separable MPCs for each captured signal sample, that is, CIR,
using maximum likelihood estimation, for example, the space‐
alternating generalised expectation‐maximisation (SAGE) al-
gorithm [16]. A subsequent averaging of the parameter estimates
results in sets of mean amplitude and mean delay for each
network link.

Next, for MDFL we need to determine the physical
propagation paths that correspond to these sets of parameter
estimates. A possible solution is described in ref. [3] using data
association. This involves first computing sets of expected
propagation delays, assuming prior information about the
surrounding environment, for example, as in this work, by a
floor plan. And second, matching the sets of estimated and
expected propagation delays following optimal subpattern
assignment [17]. Therewith, we obtain N

̌
l assigned delay esti-

mates, that is, MPCs, for link l, where each assigned MPC
corresponds to a known physical propagation path. Particu-

larly, we get the assigned set of mean amplitude αl;q
� �N

⌄
l

q¼1 and

of mean delay τl;q
� �N

⌄
l

q¼1. Based on the set of mean amplitude

we can calculate the power of the MPCs for the idle channel
serving as reference to determine user induced power changes.
Thus, in logarithmic domain, the power level of the qth signal
component of link l is

γl;q ¼ 20log10 αl;q
�
�

�
�: ð11Þ

An example is provided in Figure 6, which shows the CIR that
corresponds to the link between rC1 and rC2 of the setup

shown in Figure 5. Additionally, Figure 6 shows N
⌄

l ¼ 4
assigned delay estimates, where q = 1 refers to the LoS

component. The corresponding physical propagation paths are
highlighted in Figure 5.

3.2 | Online parameter estimation

After initialisation, we can now measure the changes of the
received power of all considered signal components by deter-
mining the amplitude values. Therefore, we calculate the
amplitude of the qth signal component of link l given the mean
delay τl;q as

bαl;q ¼ bα τl;q
� �

¼

Z Tp

0
yresl;qðtÞ
� �

∗sl t − τl;qÞ dt;
�

ð12Þ

which equals the projection of the residuum signal yresl;qðtÞ onto
the unit transmit signal sl(t) [3, 18]. The residuum signal is
thereby calculated by adjusting the received signal for all signal
components up to the (q − 1)th, that is,

yresl;qðtÞ ¼ ylðtÞ −
Xq−1

q0¼1
bαl;q0 sl t − τl;q0 Þ:

�
ð13Þ

With the estimated amplitude, we can then express the
measured power in logarithmic domain as

bγ l;q ¼ 20log10 bαl;q
�
�

�
�; ð14Þ

and subsequently, by subtracting the reference power in
Equation (11) from the measured power in Equation (14), the
user‐induced power changes as

zl;q ¼ bγ l;q − γl;q ¼ 20log10
bαl;q

αl;q

�
�
�
�
�

�
�
�
�
�
: ð15Þ

By stacking the measured power changes in Equation (15)
for all signal components of all available links, we can compose

the measurement vector z ∈ RN∗
, with N∗ ¼

PjPj
l¼1N
⌄

l as the
overall amount of available signal components for MDFL.

F I GURE 6 Exemplary channel impulse response corresponding to the
network link between rC1 and rC2 of Figure 5. Estimated line‐of‐sight (LoS)
component and multipath components (MPCs) are indicated by red and blue
stems respectively. MPC q = 2 highlighted by dashed rectangle corresponds to
the propagation path of the example MPC shown Figure 5.

F I GURE 5 Measurement example, showing two transceiving nodes C1

and C2 at the locations rC1 and rC2. The multipath propagation is explicitly
highlighted, that is, the physical propagation paths of line‐of‐sight and
multipath components are indicated in red and blue.
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3.3 | Measurement model

For applying MDFL, we require a model f(r) that relates the
measured power changes of the signal components to the user
location r. Following ref. [3], we approximate the user impact
on the power of signal components by the empirical expo-
nential model

f ðrÞ ¼
X
Nτl;q

u¼0
ϕl;qe

−ξðuÞl;q ðrÞ=κl;q ; ð16Þ

with ϕl,q and κl,q defining the maximum modelled power
change and the spatial decay rate respectively. The excess path
length ξðuÞl;q ðrÞ of the uth pair of virtual nodes corresponding to
delay τl,q is calculated by

ξðuÞl;q ðr Þ ¼ kr
ðuÞ
VTl;q

− rk þ kr
ðNτl;q−uÞ
VRl;q

− rk − dl;q; ð17Þ

where r ðuÞVTl;q
and r

ðNτl;q
−uÞ

VRl;q
denote the locations of VTs and VRs

with u ∈ 0;…;Nτl;q

n o
and dl,q refers to the length of the

propagation path. Thereby, Nτl;q provides the order of reflec-
tion of the considered signal component. That means for the
LoS component Nτl;1 ¼ 0, for MPCs due to single‐bounce
reflection (SBR) Nτl;q ¼ 1, and for higher order reflections
Nτl;q > 1. Note for notational convenience the physical trans-

mitting and receiving nodes are referred to as r ð0ÞVTl;q
and r ð0ÞVRl;q

.
The relation between user location, that is, excess path length,
and measured power change is illustrated in Figure 7, showing
power change measurements as a function of the excess path
length for the example MPC q = 2 corresponding to the link
between rC1 and rC2 of the setup shown in Figure 5. Addi-
tionally, Figure 7 also provides the corresponding empirical
exponential model with a maximum modelled power change of
ϕ = −7.94 dB and a decay rate of κ = 0.015 m. It can be clearly
seen that the closer the user is to the propagation path, that is,

the smaller the excess path length, the greater the measured
negative power changes. Note that a negative power change
equals an attenuation of the received power. Thus, the stron-
gest attenuation can be observed when the user is located
directly on the propagation path, that is, when the excess path
length equals zero.

3.4 | Bayesian MDFL

Finally, we can formulate the localisation problem of MDFL
using the state‐space representation. That means, first, by a
measurement model relating the user state xk = rk, that is, the
user location at time instant k, to the measured power changes
of signal components. That means, we model the measurement
vector zk, cf. Equation (15), using Equation (16) as

zk ¼ f xkð Þ þ wk; ð18Þ

where wk
eN ð0;RÞ denotes Gaussian measurement noise with

the diagonal covariance matrix R ∈ RN∗�N∗
[3]. And second,

by a transition model describing the spatio‐temoral evolution
of the user location, given by the state equation

xk ¼ Axk−1 þ nk; ð19Þ

where A represents the transition matrix and nk
eN ð0;QÞ

denotes the Gaussian process noise with covariance matrix Q.
For the two‐dimensional user state xk, the transition and the
covariance matrix of the process noise can be written as

A ¼ 1 0
0 1

� �

; Q¼ σ2
p

T 3
g

3
0

0
T 3

g

3

2

6
6
6
4

3

7
7
7
5
; ð20Þ

with Tg as time between two adjacent measurements and σ2
p as

process noise intensity of physical dimension m2s3½ � [19].
In a Bayesian context, the measurement and transition

models can be expressed by the conditional probability density
function (PDF) pðzk | xkÞ and the transition prior distribution
pðxk | xk−1Þ. Thereby, sequential Bayesian estimation aims to
determine the PDF of the user state by computing the poste-
rior density pðxk | z1:kÞ using general Bayesian update recur-
sion [20]. As shown in ref. [8], a possible Bayesian approach
for solving the non‐linear system represents the particle filter
(PF). The PF approximates the non‐Gaussian posterior density
of our localisation problem with a discrete density

p xkjz1:kð Þ ≈
XNs

i¼1
wi

kδ xk − xi
k

� �
; ð21Þ

where δð⋅Þ denotes the Dirac delta function and xi
k represents

the ith particle of the stochastic set of particles xi
k

� �Ns

i¼1 and

F I GURE 7 Measured power changes of example multipath
component q = 2 as highlighted in Figures 5 and 6 as a function of excess
path length. For illustration purposes, the minimum excess path length is
used for the abscissa. The corresponding empirical exponential model is
illustrated in red with a maximum modelled power change of ϕ = −7.94 dB
and a decay rate of κ = 0.015 m, cf. (16).
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weight wi
k

� �Ns

i¼1. In this work, we apply the generic PF [20] and
assume that the particles are drawn from an importance den-
sity, which is set equal to the transition prior distribution,
simplifying the weight update to

wi
k ¼

1
ck

wi
k−1p zkjx

i
k

� �
: ð22Þ

The normalisation is calculated as ck ¼
PNs

j¼1w
j
k−1p zkjx

j
k

� �

and p zkjxi
k

� �
denotes the likelihood distribution. In order to

counteract the problem of degeneracy, we apply resampling
[20].

4 | EVALUATION BASED ON
MEASUREMENTS

In this section, we evaluate and demonstrate the proposed
MDFL algorithm using the proposed UWB measurement
setup. The UWB measurement setup is shown in Figure 8
and consists of a meshed network with NC ¼ 10 transceiving
nodes C1; …; C10 located at rCi with i ∈ f1; …; 10g, all at
the same height of 0.8 m above the ground. The DW1000
modules are configured to a bandwidth of 500 MHz and a
carrier frequency of 3.9 GHz. Further, we consider the tra-
jectory of a user walking for almost 80 s in the measurement
area, indicated by the green path in Figure 8. The starting
position is shown by the bold green dot. During the mea-
surements, the user was additionally carrying a mobile trans-
ceiving node in his hands (texting mode). This transceiving
node was also performing the TDMA scheme and hence the

distance estimates can also be evaluated for comparison. The
ground truth of the static and mobile transceiving nodes was
recorded using a Vicon3 high‐precision optical motion capture
system consisting of 20 infrared cameras and infrared strobes.
This setup can locate objects in the observation area with a
distance error of less than 1 cm and is used a ground truth
system.

While the user followed the trajectory, we have continu-
ously measured the CIRs of all links. Thereby, the frame rate of
the TDMA scheme was approximately 10 Hz, resulting in an
update time of Tg ≈ 0.1 s for each link. Then the power
changes of all signal components for each network link are
determined as described in Section 3.2. Exemplary, Figure 9
shows the measured power changes over time for the example
MPC of the link between transceiving nodes C1 and C7, cf.
Figure 8. As shown in Figure 8, the user crosses the MPC after
12 s, 32 s, 50 s, and 72 s. This can be also clearly seen in
Figure 9, where the power changes substantially when the user
crosses the MPC. Further, we can observe a good match be-
tween the measured and the modelled power changes, calcu-
lated using Equation (16) and the ground truth data.

Figure 10 shows the floor plan of the measurement area
with the spanned meshed network: the network consists of
NC(NC − 1)/2 = 45 LoS components, indicated in red, and of
78 MPCs due to first‐order reflections, indicated in light grey.
We can clearly observe MPCs which were reflected on the
outer walls or on the metallic entrance door shown on the right
of Figure 10. Additionally, we can see MPCs originated from
objects and furniture in the laboratory. Given the measured
power changes, we can now compose the measurement vectors

F I GURE 8 Measurement setup including NC = 10 transceiving nodes located at rCi with i ∈ {1, …, 10} and the ground truth trajectory of a user indicated
in green. The starting position of the user trajectory is indicated by a bold green dot. Exemplary propagation paths for the link between network nodes rC1 and rC7

are shown in red for the line‐of‐sight component and in blue for the multipath component due to reflection from the outer wall.

3
https://www.vicon.com.
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for DFL and MDFL as zDFL
k ∈ R45 and zMDFL

k ∈ R123

respectively.
Finally, we apply the PF for localisation. For the PF we use

Ns = 1000 particles, a process noise intensity of σp = 0.5 m2/s3,
and assume σ = 1.25 dB for all elements of the measurement
noise covariance matrix. The PF is initialised by randomly
distributing the particle states within the measurement area. For
obtaining a point estimate from the posterior density of Equa-
tion (21), we compute the weighted sum bxk ¼

PNs
i¼1w

i
kx

i
k, also

known as the minimum mean square error (MMSE) criterion.
Based on the point estimate bxk, we can then compute the root
mean square error (RMSE) as

RMSEk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E bxk − xkk k
2� �q

; ð23Þ

where xk refers to the true user location.
As mentioned before, we compare in the following the PF

implementation of the DFL and the MDFL to an active
localisation algorithm. The active localisation algorithm was
implemented using an EKF, which uses the distance estimates
obtained from the mobile transceiving node as inputs. Similar
to the PF implementation of the DFL and MDFL, the EKF

uses the transition and the covariance matrix of the process
noise as described in Equation (20). Figure 11 shows the
estimated distances and the distance estimation errors as a
function of time in seconds between four example transceiving
nodes, that is, C1, C3, C8, C10, and the mobile transceiving
node. We can observe, that we are able to obtain accurate
distance estimates using the TDMA scheme. In some cases the
distance error goes up to 2 m, which could be caused by signal
blockage of the user.

Accounting for the stochastic nature of PFs, we have
evaluated 100 realisations for both DFL and MDFL. Conse-
quently, the RMSE results are determined by averaging over
these realisations. The results for the evaluated user trajectory
are shown in Figure 13. For MDFL, we can observe an RMSE
curve without strong outliers over the entire trajectory. With a
mean RMSE of 0.40 m, MDFL clearly outperforms DFL,
which achieves a mean RMSE of 2.52 m, cf. Table 1.
Comparing the RMSE results of DFL and MDFL in more
detail, we would like to point out two observations. First, the
decrease of the RMSE during the initial time period: At the
starting point, the RMSE is similar for both DFL and MDFL,
since the PFs are initialised randomly. However, MDFL con-
verges faster to a solid location solution compared to DFL.
That faster convergence can be explained by the network
structure shown in Figure 10. Shortly after the starting point,
the user moves through the propagation paths of multiple
MPCs. The measured power changes for these MPCs allow
MDFL to immediately resolve a distinct location solution.
DFL, on the other hand, considering LoS components only,
relies on very few initial power change measurements. At the
starting point, the user impacts the power of the link between
nodes C2 and C9 only, cf. Figure 10. Second, the robustness of
the localisation performance: While for MDFL the localisation
performance remains almost stable throughout the scenario,
we can observe periods of severely degraded RMSE

F I GURE 9 Power changes of the example multipath component
(MPC) of the link between transceiving nodes C1 and C7 shown in Figure 8
over time. The measured power changes correspond to the trajectory
shown in Figure 8, where the user crosses the MPC after 12 s, 32 s, 50 s,
and 72 s. The corresponding empirical exponential model is illustrated in
red.

F I GURE 1 0 Visualisation of the network spanned by the
measurement setup including NC = 10 transceiving nodes at rCi with
i ∈ {1, …, 10}. Propagation paths of 45 line‐of‐sight components (fully‐
meshed network) are indicated in red and of 78 multipath components due to
first‐order reflections are indicated in light grey.

F I GURE 1 1 Estimated distance and distance error as a function of
time in seconds for the mobile transceiving node and transceiving nodes C1,
C3, C8, and C10.
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performance for DFL, particularly, for time periods around
20 s, 40 s, and 60 s. During these time periods, the user moving
at the edge or even outside the area spanned by the links in
LoS, cf. Figure 10. Here, user‐induced fading on the power can
be measured for multiple MPCs, but only for very few links in
LoS. That means, MDFL can compensate the lack of network
links by considering MPCs, which eventually improves the
localisation performance.

Figure 12 shows the CDFs of the localisation error for
MDFL and DFL. We can observe that MDFL clearly out-
performs DFL. With MDFL, we obtain in 80% of the cases an

localisation error of less than 0.6 m whereas in case of DFL
4.4 m.

Figures 13 and 12 show additionally the RMSE and the
CDF of the active localisation EKF. With a mean RMSE of
0.05 m, cf. Table 1, the active localisation EKF clearly out-
performs the DFL and the MDFL. This is also visible in the
CDF in Figure 12, where we can obtain a localisation error of
less than 0.1 m in 80% of the cases. Nevertheless, the active
localisation algorithm requires the user to carry a localisation
device, that is, an actively transceiving node.

Note that for initialising an MDFL system, that is, for
determining the propagation paths as well as for determining the
parameters of the empirical exponential model, cf. Section 3,
ground truth data of moving users are required. Given the high
accuracy of the active localisation EKF, we can use this local-
isation solution for tracking users during an initialisation phase.
Therewith, the UWB network may inherently provide a suffi-
cient ground truth system for the initialisation of MDFL.

5 | CONCLUSION

This work provides an overview of the required signal pro-
cessing for multipath‐enhanced device‐free localisation
(MDFL) using low‐cost ultra‐wideband (UWB) devices. We
show how to access the channel impulse response of the
Qorvo (DecaWave) DW1000 module, how to estimate the
required signal parameters, and introduce a Bayesian MDFL
approach. Based on a meshed network of UWB devices, we
demonstrate MDFL for an indoor scenario. We show, that
MDFL can be realised using low‐cost UWB devices. Given the
fully‐meshed network, MDFL clearly outperforms state‐of‐
the‐art device‐free localisation in terms of accuracy and
robustness. Additionally, we compare device‐free localisation
(DFL) and MDFL systems to an active localisation algorithm
based on an extended Kalman filter (EKF). Obviously, the
EKF outperforms the DFL and MDFL systems; however,
shows the possibility of using an active transceiving node to
initialise MDFL within the same system.

F I GURE 1 3 RMSE results over time for MDFL (blue line) and DFL (red line). Mean RMSE values for MDFL (0.40 m) and DFL (2.52 m) are indicated in
grey, that is, as (grey line) and (doted grey line) respectively. Additionally, the RMSE results of the active localisation algorithm based on an EKF (green line) are
given as reference.

TABLE 1 Mean μ and standard deviation σ of the absolute
positioning error.

μ [m] σ [m]

MDFL (PF) 0.40 0.53

DFL (PF) 2.52 1.38

Active loc. (EKF) 0.05 0.04

F I GURE 1 2 Cumulative distribution functions (CDFs) of the
localisation error for MDFL (blue line) and DFL (red line), both realised by
PFs, and active localisation algorithm realised by an EKF (green line).
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