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Abstract. In this paper, we present the design and performance analysis of an innovative system for tracking Automated Guided
Vehicles (AGVs) in indoor industrial scenarios. An on-board odometer provides information about the dynamic state of the
AGV, allowing to predict its pose (i.e., its position and orientation). At the same time, an external Ultra-Wide Band (UWB)
wireless network provides the information necessary to compensate for the error drift accumulated by the odometer. Two novel
alternative solutions for AGV tracking are proposed: (i) a classical Time Differences Of Arrivals (TDOA) approach with a
single receiver; (ii) a “Twin-receiver” TDOA (TTDOA) approach, that requires the presence of two independent receivers on
the AGV. The TTDOA configuration allows to indirectly estimate the orientation of the vehicle, thus increasing the estimation
accuracy. Moreover, this allows direct estimation of the vehicle’s movement even when the odometer is not working properly
(e.g., temporary failure) or when the AGV is not moving (e.g., at the start-up). The system performance with the two proposed
tracking algorithms is evaluated in realistic conditions, by considering a consolidated UWB channel model and a simple on-board
energy detector receiver. The impact of the wireless network architecture and of the presence of moving obstacles is analyzed.
The obtained results show clearly that the implementation of a tracking system with a sub-centimeter accuracy can be realized
by means of low-complexity UWB receiver and commercial odometers. The automatic movement of goods within a warehouse
is one of the most appealing application of the proposed tracking system.
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1. Introduction

Following the pioneering work of Win and Schol-
tz [35], in recent years Ultra-Wide Band (UWB) radio
technology has appeared as a technology able to offer a
high level of precision with limited costs [14]. Accord-
ing to the Federal CommunicationsCommission (FCC)
definition, a UWB signal has an absolute bandwidth
of at least 500 MHz or a fractional bandwidth larger
than 20% [1]. It is well-known that the precision of
the Time-Of-Arrival (TOA) method, for estimating the
distance between two devices, is directly proportion-
al to the signal bandwidth. Thanks to its large band-
width, the use of UWB technology allows to achieve a
centimeter-grade (or even higher) precision [13]. Ac-
cording to many experimental campaigns [23], this lim-
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it is reachable. In fact, currently available commercial
systems are not far from these limits, since they claim
a precision on the order of 10÷15 cm, despite the chal-
lenging indoor multi-path communication channel that
characterizes most industrial buildings [33]. Nowa-
days, besides the large number of proprietary solutions,
only two international UWB standards have been spec-
ified: (i) the ECMA 368 [11], based on an Orthogonal
Frequency Division Modulation (OFDM)-UWB tech-
nology; (ii) the IEEE 802.15.4a [19], an extension of
the IEEE 802.15.4 standard, based on the Impulse Ra-
dio (IR) technology. In the near future, thanks to the
continuous improvements of electronics and the vari-
ous on-going standardization efforts, there is hope that
this technology will become more accurate, yet less
expensive.

A precision in the order of tens of centimeters is
usually sufficient to meet the requirements of several
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industrial processes. However, there also applications
requiring a significantly higher level of precision. One
of the most representative example is given by the pre-
cision required by AutomatedGuided Vehicles (AGVs)
used for automatic displacement of goods and assets
in factories, which is becoming a common practice
in several industrial segments (e.g., food, beverages,
paper-tissues). In this type of application, the AGVs
move heavy goods (tons) inside a building or between
a building and trucks. In this context, a centimeter-
grade precision and the repeatability of the measure-
ments are required to prevent damages to infrastruc-
tures and workers. For AGV navigation applications
with strict real-time requirements, the most common
solution consists in fusing together the information ob-
tained by two different systems: (i) an on-board vehi-
cle system, such as an odometer, that offers estimation
in the local robot frame (local localization); and (ii)
an external positioning system, that provides position
estimation in an absolute coordinates system (absolute
localization). For example, in [20] the authors combine
the information provided by an absolute localization
system, given by the Global Positioning System (GPS),
with the relative estimation offered by the plethora of
sensors that normally equip vehicles. Fusion of local
and absolute position estimates can be carried out by
Extended Kalman Filtering (EKF) [32] (or derived fil-
ters) or by sequential filtering techniques, such as par-
ticle filtering [28]. However, the iterative nature of
the latter type of filtering will unlikely match the strict
real-time requirements of an AGV guidance system.

Depending on the application domain, one can find
different solutions for the absolute localization prob-
lem. The simpler systems are based on the creation of
artificial tracks, by means of buried guide wires or opti-
cal beacons, that the AGV has to follow. More refined
solutions allow the AGV to move relatively freely in in-
door environments. In particular, laser-based systems
are probably the most widely adopted, thanks to their
high precision and reliability [32]. A non exhaustive
list of possible alternatives includes vision-based sys-
tems [5] and dedicated wireless positioning systems,
such as frequency modulated continuous-wave [34] or
UWB. It has to be pointed out that general purpose
wireless networks (e.g., IEEE 802.11 wireless local
area networks) do not offer a sufficient level of preci-
sion [29].

In [6], we have presented a novel tracking systems
based on the integration of an absolute positioning sys-
tem (through a UWB wireless network)with a local po-
sitioning system (constituted by the on-board odome-

ter of a tricycle-like AGV). In particular, in order to
take advantage of the intrinsic characteristics of UWB
systems and to reduce the synchronization limitations,
we adopt a Time Differences Of Arrivals (TDOA) ap-
proach to estimate the position of the AGV. Along with
the classical TDOA approach, we also propose an in-
novative “Twin-receiver” TDOA (TTDOA) approach,
in which two independent receivers are employed on
the same AGV. While only a few examples of utiliza-
tion of two distinct receivers for direct estimation of
the AGV heading can be found [3,4], this approach has
the advantage of reducing the estimation errors of the
heading. Moreover, the absolute system positioning
can offer some information about the heading when the
odometer is not working properly or when the AGV
is not moving (such as at the start-up of the AGV). In
order to offer more insights on the performance of the
tracking system, we will assume that the AGV follows
a pre-determined path, thus ignoring any path-planning
issue [31]. The movements of the AGV are also as-
sumed to be decoupled from the estimates provided by
the UWB-based tracking algorithm: in other words,
there is no feedback between tracking and guidance
systems [17]. While we focus on a single tracked AGV,
the approach presented here could be generalized to
encompass a generic number of AGVs, each following
a target trajectory that can be computed as in [24].

The system presented in [6] is applicable to a wide
spectrum of wireless technologies, since a generic dis-
tance estimation error is considered. In the present
work, we focus on a UWB-based absolute positioning
system, by considering (i) devices compliant with the
IEEE802.15.4a standard and (ii) a realisticmodel of the
propagation channel. The market of IEEE 802.15.4a
compliant transceivers is not growing fast, but a limit-
ed number of companies, for example Decawave, are
already producing these devices [8]. Furthermore, in
some applications, where more than a single AGV is
involved, it is possible to further increase the system’s
accuracy by adopting some relative localization tech-
niques [27].

This manuscript foresees two main parts, the former
is devoted to the description of the proposed approach,
while the latter contains the results of the experiments
carried out to validate the model. In particular, the de-
scription of the framework is conduced in the following
three sections. In Section 2, we give a mathematical
characterization of the mobility model of the AGV. In
Section 3, the UWB-based positioning system is accu-
rately described. The EKF equations, characterizing
the TDOA and TTDOA approaches, are presented in
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Fig. 1. The pose of the considered AGV.

Section 4. For what concerns the experimental vali-
dation, the Matlab-based simulator used to assess the
performance of the proposed algorithms is described
in Section 5, and their performance is investigated in
Section 6. Finally, conclusions are drawn in Section 7.

2. The AGV and its mobility model

The considered AGV, pictured in Fig. 1, is a tricycle-
like robot, with a two-wheel rear axis and a single
wheel in the front axis, with both driving and steering
functionalities.

We make a distinction between the robot local frame,
with Xl and Yl axes, and the absolute frame, with X and
Y axes. The heading of the vehicle θ coincides with
the angle between the two reference systems, while α
denotes the steering direction of the front wheel with
respect to the Xl axis. We assume that the EKF es-
timates the position of the AGV taking the point of
coordinates (x, y) as the Reference Point (RP). Since
the distance between the front and the rear axes is giv-
en by L (dimension: [m]), the curvature radius of the
Instantaneous Center of Rotation (ICR) around which
the vehicle rotates is given by Rw = L/ sin(α). Simi-
larly, the vehicle rotates around the origin of the robot
local frame with a radius of curvature R = L/ tan(α)
and with an angular speed denoted as w(t) (dimen-
sion: [rad/s]). Therefore, the vehicle moves along its
direction with a speed v(t) = Rw(t).

Under the assumptions of ideal wheels’ rotation and
of the lack of lateral slippage of the front wheel, the
continuous-timedynamicmodel of the vehicle, with re-
spect to the robot local frame, is given by the following
system of equations [10]:

⎧⎨
⎩

vXl(t) = vs(t) cos[α(t)]
vYl(t) = 0
w(t) = vs(t)

L sin[α(t)]

where: vs(t) is the linear velocity of the steering wheel
(dimension: [m/s]); vXl and vYl represent the speeds
along the Xl and Yl axes, respectively – note that,
because of the aforementioned assumption, vYl(t) = 0
and vXl(t) = v(t). The set of equations of the dynamic
model in the absolute frame, can be obtained by means
of a rotation of the angle θ:⎧⎨

⎩
vx(t) = vs(t) cos[θ(t)] cos[α(t)]
vy(t) = vs(t) sin[θ(t)] cos[α(t)]
w(t) = vs(t)

L sin[α(t)]
(1)

where w(t) remains unchanged since it is rotation-in-
variant.

The state of the vehicle at the discrete time k is
defined by the following vector:

sk � [xk yk θk]T (2)

and its discrete-time update equation can be easily ob-
tained from Eq. (1):⎧⎨

⎩
xk+1 = xk + T ovsk cos(θk) cos(αk)
yk+1 = yk + T ovsk sin(θk) cos(αk)
θk+1 = θk + T ovsk

L sin(αk)
(3)

where: T o (dimension: [s]) is the generic sampling
time assumed to be known; vsk, θk, and αk are the
discrete-time versions of the corresponding continu-
ous-time quantities previously introduced.

According to Eq. (3), an AGV able to estimate vsk

and αk every T o, can also predict its dynamic state
sk+1, under the assumption of knowing sk. For this
reason, the AGV is equipped by an on-board odometer
providing,with an average sample time equal to T o, the
following information: (i) the linear displacement of
the front wheel at the sampling time, denoted as S (di-
mension: [m]) and equal to T ovs(t); (ii) the steering
angle, denoted by α (dimension: [rad]).1

3. UWB-based absolute positioning system

3.1. System architecture

The only use of the odometer for AGV tracking does
not guarantee a sufficient accuracy, since its noisy mea-

1Even if practical odometers are typically affected by jitter, we
ignore this issue in our work.
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sures tend to lead to a cumulative error that increases
over time. For this reason, we use a UWB-based abso-
lute positioning system that provides periodic and reli-
able measurements of the AGV position. The nodes of
theUWBpositioning system, denoted asAnchorNodes
(ANs), have known positions. Additionally, ANs are
assumed to be compliant with the IEEE 802.15.4a stan-
dard and to be synchronized by means of wired syn-
chronization mechanisms (not addressed in this work).
The estimation of the AGV position is achieved by
measuring the time of arrivals of suitable ranging IEEE
802.15.4a packets sent by the ANs to the receiver(s)
installed on the AGV.

At the physical level, an IEEE 802.15.4a packet is
constituted by three distinct fields: a Synchronization
HeadeR (SHR), a Packet HeadeR (PHR), and a Data
Field (DF). In turn, the SHR is composed by two parts,
a SYNChronization preamble (SYNC) and a Start of
Frame Delimiter (SFD). The basic ranging mechanism
between a pair of synchronized IEEE802.15.4adevices
(say A and B) is simple: (i) the node A sends a rang-
ing packet after having inserted a timestamp on its DF;
(ii) the node B receives the frame, extracts the original
timestamp, and estimates the reception instant of the
packet by identifying the SFD; (iii) from the timestamp
and the reception instant, the node B can finally com-
pute the Time of Flight (ToF) experienced by the frame
and the inter-node distance, simply dividing the ToF by
the speed of light (c � 3 × 108 m/s).

As anticipated in Section 1, the AGV can have two
different UWB receiver configurations: (a) a classical
TDOA configuration, with a single receiver; (b) the
novel TTDOA configuration, with two independent re-
ceivers, each with its own antenna and its own indepen-
dent clock generator. In the latter case, the receivers on
board of the AGV are denoted, respectively, as Target
Node A (TNA) and Target Node B (TNB), and they
are assumed to be not synchronized with each other and
with the ANs.

The ANs transmit periodically ranging packets that
allow the TNs to estimate the distance between them.
Every “collision domain” contains a maximum of 5
ANs (i.e., the AGV is connected to at most 5 ANs) and
the EKF measurements’ update is performed as soon
as all 5 ANs have sent their own ranging packets. More
precisely, we will consider a measurements’ update pe-
riod of duration equal to T u (dimension: [s]). The esti-
mates are affected by unavoidable errors and by a bias,
due to the lack of synchronization with the ANs. The
latter can be eliminated by simply computing the rela-
tive distances between the TNs and the ANs. The rela-

tive distances are obtained by subtracting the distance
between the TNs and a Reference Node (RN), selected
among the ANs, from the distance between the TNs
and the AN. The ANs simultaneously transmitting to
the AGV (i.e., in the same collision domain) are forced
to transmit in orthogonal time slots in order to avoid
Multi-User Interference (MUI).

In order to simplify the mathematical analysis, we
assume that all the range estimates used by the EKF are
obtained through Line-of-Sight (LOS) channels, with-
out obstacles in any propagation path between the AN
and the TNs. This strong assumption implies that the
AGV can identify Non-Line-of-Sight (NLOS) propa-
gation conditions [15], by exploiting the knowledge of
its position and of the industrial environment where it
is moving.

In order to evaluate the performance of a realistic
UWB system, numerical simulations with Matlab will
be carried out by considering: (i) a UWB signal com-
pliant with the IEEE 802.15.4a standard, abiding by
the power emission limit defined by the FCC [1]; (ii) a
frequency-selectivechannelmodel defined by the IEEE
802.15.4a standardization group; (iii) the Energy De-
tector (ED) threshold-based TOA estimator originally
introduced in [7].

3.2. The IEEE 802.15.4a channel model

Within the IEEE 802.15.4a working group, on the
basis of measurement campaigns in several environ-
ments (outdoor and in three types of indoor scenarios –
namely, residential, office, and industrial), a family of
channel models for the high-frequency range (3 ÷ 10
GHz) has been derived [25]. In all considered cas-
es, but for the industrial environment, the discrete-time
channel impulse response (CIR) has been characterized
with a customized Saleh-Valenzuela (SV) [30] model.
According to the SV model, the CIR is composed by
the following weighed sum of multipath components
grouped in clusters:

h(t) =
√

G
Lc∑
�=0

K∑
k=0

αk,�exp(jφk,�)

(4)
δ(t − T� − τk,�)

where: Lc is a Poisson random variable that defines
the number of clusters of multipath; K is the maximum
numberof rayswithin a cluster; αk,� is the weight of the
k-th component of the �-th cluster; T� is the delay of the
�-th cluster; τk,� is the delay of the k-th componentwith
respect to the delay of the l-th cluster; G is the channel
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gain parameter and it will be explained in the following;
the phase shifts {φk,�} are independent and uniformly
distributed in [0, 2π]. Without loss of generality, it can
be assumed that

L∑
�=0

K∑
k=0

α2
k,� = 1.

It is important to point out that in Eq. (4) the signal fre-
quency distortion of the signal induced by the frequen-
cy selectivity of transmit and receive antennas has been
ignored. However, it will be taken into account in the
simulations carried out in Subsection 3.4 and Section 6.
In particular, according to [9], the channel gain G is
a function of the distance between source and receiver
(d) and of the frequency (f ), and can be expressed as
follows [9]:

G(f, d) = G(d)G(f)
(5)

= G0

(
d0

d

)n (
fc

f

)2+2k

.

where: k is the frequency decay factor; n is the path-
loss exponent; d0 is a reference distance (dimension:
[m]); fc is the reference frequency (dimension: [Hz]);
G0 a reference parameter obtained by measuring the
channel gain in d0 and fc, and it accounts for the noise
figure and for the system losses. If, for sake of sim-
plicity, one assumes that the transmitted pulse has a
flat power spectrum in the frequency interval [fL, fH ],
where fL and fH denote respectively, the lowest and
the highest frequencies of the signal (dimension: [Hz]),
then by integrating 5 in the interval [fL, fH ] it is pos-
sible to derive the following expression of the channel
gain parameter G used in Eq. (4):

G =
∫ fH

fL

G0

(
d0

d

)n (
fc

f

)2+2k

df

(6)

=
G0(f−2k−1

L − f−2k−1
H )

(2k + 1)f−2k−2
c

(
d0
d

)n .

At this point, the family of channel models can be ob-
tained by varying the parameter that appear in the prop-
agation model. In all simulations, we will consider the
ChannelModel 3 (CM3), defined in [25], suitable for an
indoor office environment with strict LOS conditions.2

The values of the main parameters of CM3 model are
the same defined in [25].

2We observe that we have not chosen the industrial channel mod-
el (CM7) (that should apparently be a better choice), since it has
been derived for metal-rich environment, with characteristics very
different from which of the warehouses of interest in our project.

3.3. The receiver and the TOA estimator

According to the IEEE 802.15.4a standard, both the
SFD and SYNC are composed by a certain number of
symbols. Furthermore, a symbol is in turn constituted
by a series of modulated and shifted replica of a com-
mon signal pulse, denoted as p(t), of duration Tp (di-
mension: [s]) and energy Ep (dimension: [J]). The sig-
nal p(t) is the following root-raised cosine pulse [19]:

p(t)=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

√
Ep√
Tp

(
1 − β + 4β

π

)
t = 0√

Ep
β√
2Tp

[(
1 + 2

π

)
sin

(
π
4β

)
+
(
1 − 2

π

)
cos

(
π
4β

)]
t = ±Tp

4β√
Ep

4β

π
√

Tp

cos[(1+β)πt/Tp]+
sin[(1−β)πt/Tp ]

4β(t/Tp)

1−(4βt/Tp)2 otherwise

(7)

where β ∈ [0, 1] is the roll-off factor.3

For the sake of simplicity, the following assumptions
are made: (i) the receiver is always able to get coarsely
synchronized with the ranging packet, by exploiting
the SYNC symbols, with a precision of Ta (dimension:
[s]); (ii) the SFD is constituted by a single symbol; (iii)
unlike the standard IEEE 802.15.4.a, where a symbol is
constituted by shifted and modulated replicas of p(t),
we assume that a symbol coincides with p(t). The
transmitted signal is centered at the frequencyfc, with a
band-pass bandwidth B � 1/Tp and highest and lowest
frequencies given by, respectively, fL = fc −B/2 and
fH = fc + B/2.

The received signal, denoted as r(t), can be written
as:

r(t) = s(t) + n(t) (8)

where n(t) is an Additive White Gaussian Noise
(AWGN) process with zero mean and two-sided pow-
er spectral density N0/2, while s(t) is given by the
convolution between the pulse p(t) and the CIR.

According to the expression of the CIR given in (4),
s(t) can be expressed as follows:

s(t)=
√

G
L∑

�=0

K∑
k=0

αk,�exp(jφk,�)p(t−Tl−τk,�). (9)

On the basis of Eqs (8) and (9), the Signal-to-Noise
Ratio (SNR) can be defined as GEp/N0.

3Please note that Eq. (7) is different from that defined in the IEEE
802.15.4a standard [19], since, as recognized by several members of
the IEEE P802.15 Working Group [2], p(t) was incorrectly defined
in [19].
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Fig. 2. Threshold-based TOA estimator based on an ED scheme.

The goal of the TOA estimator is to find the TOA of
the Direct Path (DP), denoted as τ , on the basis of the
received signal r(t). Among the numerous existing es-
timators, with varying degrees of complexity and accu-
racy, we have considered a simple estimator, originally
presented in [7], which is based on an EnergyDetection
(ED) receiver and on a threshold-crossing algorithm.

The ED receiver, shown in Fig. 2, is composed by
a Band-Pass Filter (BPF), followed by a square-law
device and an integrator, with an integration interval
given by Ts (dimension: [s]).

The k-th output symbol of the integrator is expressed
as vk. Thanks to the strict LOS conditions, the DP
is always present and its arrival time is uniformly dis-
tributed in [0, Ta). The TOA estimator algorithm ob-
serves the output sequence {vk} for an observation in-
terval Tobs (dimension: [s]), whereTobs > Ta. In other
words, it observes N samples of the sequence, where
Ns = �Tobs/Ts�. The sample vk can be expressed as
follows:

vk =
∫ (k+nTOA)Ts

(k−1+nTOA)Ts

|r(t)|2dt

k ∈ {−nTOA + 1,−nTOA + 2, . . . , Nm}
where nTOA � �τ/Ts� and Nm � Ns − nTOA.

Thanks to the LOS assumption, the sequence {vk} is
always constituted by three distinct regions: (i) a lead-
ing noise-only region, (ii) a signal plus noise region,
and a (iii) trailing noise-only region. The considered
TOA estimator algorithm tries to determine the border
between the first two regions. In particular, starting
from the (−nTOA + 1)-th sample, is compares each re-
ceived value with a threshold η. The minimum value of
k which satisfies the condition vk > η is the estimated
TOA. In order to better investigate the impact of η, it
is expedient to define the so-called Threshold-to-Noise
Ratio (TNR), defined as η/N0.

The choice of the optimized threshold η is critical.
Since the estimator has to counteract thermal noise and
fading, it is highly dependent on the SNR. However,
in [7] the authors have shown that it is possible to de-
fine an SNR-independent threshold, that guarantees a
performance quite close to the optimal one. In par-
ticular, once the target early-detection probability Ped

(e.g., the probability of electing a noise sample as the
TOA) and N0 are set, the corresponding TNR values
can be determined by solving the following equations:

Ped = E {Ped|nTOA} = 1 +
(1 − qnoise)NTOA − 1

NTOAqnoise

qnoise = exp (−TNR)
M/2−1∑

i=0

TNRi

i!

where M = 2WTs and W represents the internal sam-
ple rate of the simulator (dimension: [Hz]), equal to
10/Ts in our simulation setup. In [7], the interested
reader can find more details on the procedure used to
set the threshold η.

3.4. Characterization of the estimation error

The ED estimator described in Subsection 3.3 allows
to estimate the distance, denoted as r (dimension: [m]),
between two UWB nodes. In order to derive the TDOA
and TTDOA estimation algorithms, it is necessary to
characterize the distance estimation error. Following
the approach of [7], we define the BIAS as r̂ − r,
where r̂ is the output of the ED estimator. The standard
deviation of the BIAS can be expressed as

σr =
√

E

{
(r̂ − r)2

}
.

Note that, according to [7], σr � (cTs)/
√

12.
In order to characterize the BIAS of the estimator,

one can measure its Probability Mass Function (PMF)
and its standard deviation bymeans of MATLAB-based
simulations, by considering the CM3 channel model
and the ED-estimator defined in Subsection 3.3, with
the parameters summarized in Table 1. In Fig. 3 (a), σr

(solid lines) is shown as a function of the distance, con-
sidering two values of Ts: 1 ns and 2 ns, respectively.
From the results in Fig. 3 (a), it emerges that the system
with a halved integration window (Ts = 1 ns) and a
shorter pulse (Tp = 1 ns) has a clear advantage (by a
factor equal to 2) with respect to the estimator using a
longer pulse (Tp = 2 ns). The advantage reduces for
longer distances. It is interesting to observe that the
configuration with Ts = 1 ns guarantees a standard de-
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Table 1
Parameters of the UWB-based ED estimator used in the simulation

Ta Tob Ts Tp β Ped TNR F fc

50 ns 60 ns {1, 2} ns {1, 2} ns 0.6 1e-3 14.8 dB 10 dB 4.49 GHz

Fig. 3. (a) Standard deviation (σr) of the bias as a function of r (for two values of Ts) and (b) PMF of the BIAS for two values of r. In (a) the
corresponding lower bounds (pointed lines) and linear fitting (dotted lines) are also shown. In (b) a Gaussian distribution with zero mean and
standard deviation σr (dashed lines) is also shown.

viation smaller than 20 cm for all distances shorter than
10 m: therefore, it is an appealing choice for our local-
ization system. Furthermore, from Fig. 3 (a) it emerges
clearly that there is a linear relationship between σr

and the distance, at least for values of r < 20 m. In
particular, the standard deviation can be accurately ap-
proximated as follows:

σr � σr0r + σb

where σr0 and σb are the slope and the intercept of
the linear fitting, respectively. These results are in
agreement with those presented in [21].

In Fig. 3 (b), the PMF of the BIAS is shown, setting
Ts = Tp = 1 ns and considering two value of r (2 and
10 m, respectively). Two important observations can
be carried out: (i) the PMF is asymmetric; (ii) the PMF
tends to assume uniform distribution. For comparison,
in Fig. 3 (b) the corresponding approximatingGaussian
distributions (with the same mean and variance of the
real PMFs) are shown. It can thus be concluded that the
true PMFs are more “favorable,” as the BIAS is more
limited.

4. Extended Kalman filter-based tracking

EKF is a filtering technique suitable for estimating
the state of discrete-time controlled processes governed

by a non linear stochastic equation and affected by
Gaussian noise. In particular, the prediction step allows
to predict the future system state is predicted on the
basis of the current state, while the measurement (or
update) step allows to refine the prediction by means
of indirect measurements of the system state.

In the remainder of this work, we will adopt the
following notation: (i) the system state is denoted as
s ∈ R

n, n ∈ N; (ii) the measurement vector is denoted
as z ∈ R

m, m ∈ N; (iii) the symbol • is used to denote
an a priori prediction of quantity •; (iv) the symbol •̂ is
used to denote an a posteriori estimate of the quantity
•.

4.1. Prediction step

Under the assumption of a linear dependence on the
process noise w ∈ R

n, the prediction step of the EKF
can be expressed as [16]

sk = f(ŝk−1,uk) + wk−1

=

⎡
⎣xk

yk

θk

⎤
⎦ =

⎡
⎢⎣ x̂k−1 + S̃k cos(θ̂k−1) cos(α̃k)

ŷk−1 + S̃k sin(θ̂k−1) cos(α̃k)
θ̂k−1 + S̃k

L sin(α̃k)

⎤
⎥⎦

+wk−1 (10)

where f(·, ·) is a non-linear function that can be derived
from 3, and
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uk = [Sk αk]T

is the control input vector containing data provided by
the on-board odometer.

Given that the noise covariance matrix is Q, the a
priori error covariancematrix can be derived as follows:

Pk = E[(sk − ŝk)(sk − ŝk)T ]

= AP̂k−1AT + Q (11)

where: P̂k−1 is the a posteriori error covariancematrix
obtained from the previous step; Q is the noise covari-
ance matrix, derived in Appendix A; A, also derived in
Appendix A, can be expressed as follows:

A =

⎡
⎣1 0 −Sk sin(θ̂k−1) cos(αk)

0 1 Sk cos(θ̂k−1) cos(αk)
0 0 1

⎤
⎦ .

4.2. Measurement step

Under the assumption that the measurements’ vector
z is a non-linear function h(·) of the current system
state, the relation between the measurement vector and
the state vector can be expressed as follows:

zk = h(sk) + vk (12)

where v ∈ R
m denotes the noise associated to the

measure, characterized by a covariance matrix R. On
the basis of Eq. (12), it is possible to define the matrix
H as the Jacobian of h(·), with respect to the state
vector s, evaluated in (sk,0):

H � �h|s

∣∣∣
(sk,0)

. (13)

According to the consolidated EKF theory [16], the
measurement update equations can be expressed as:{

ŝk = sk + Kkek

P̂k = (In − KkH)Pk
(14)

where the Kalman gain Kk and the measurement error
ek are defined as

ek � z̃ − Hsk (15)

Kk � Pk−1HT

HPk−1HT + R
. (16)

We recall that on the basis of the scenario described
in Section 3, the measurement step is performed every
T u. Moreover, when the number of LOS ANs, de-
noted as N , is smaller than 4, the measurement step
is not performed and the system relies simply on the
prediction step – recall that the bi-dimensional TDOA
problem requires 4 pseudo-range measures to estimate
the position without any ambiguity.

4.2.1. TDOA method
Under the assumptions of (i) knowing the distance

between the TN and the RN and (ii) having an estimate
of the AGV dynamic state, the non-linear TDOA prob-
lem can be tackled by linearization, thus allowing the
use of the simpler KF, instead of the EKF. An approach
of this type, directly inspired by the approach presented
in [26], is considered in this work.

We assume that the receiver TNA is placed at
the RP and, thus, is identified by the coordinates
(xA, yA) = (x, y), while the coordinates of the i-th AN
are denoted as (xi, yi), i ∈ {1, 2, . . .N}. Without loss
of generality, we assume that the first AN is the RN.
The linear measurement equation is the following:

z = HTDOAs

where HTDOA is defined as in [26] by simply adding a
third column in order to account for the presence of θ:

HTDOA =

⎡
⎢⎢⎣

x2 − x1 y2 − y1 0
x3 − x1 y3 − y1 0

. . . . . . . . .
xN − x1 yN − y1 0

⎤
⎥⎥⎦ .

The measurement update equations are formally iden-
tical to Eq. (14):{

ŝk = sk + Kkek

P̂k =
(
IN−1 − KkHTDOA

)
Pk

(17)

where ek and Kk can be expressed, as shown in Ap-
pendix B.1, as:

ek = z − HTDOAT
sk = z − u− r̂1p

Kk =
Pk−1HTDOAT

HTDOAPk−1HTDOAT + RTDOA
.

4.2.2. TTDOA method
As one can observe fromEq. (17), the TDOA method

does not provide information about the heading θ of
the vehicle. We now introduce the TTDOA technique,
which, by employing two distinct UWB receivers, al-
lows to reliably estimate the heading of the vehicle.
The first receiver (TNA) is located on the longitudi-
nal axis of the AGV at coordinates (a, 0). The second
receiver (TNB) is located on the traversal axis at the
coordinates (0, b) of the local frame. Note that we have
set a = L and b = L/2. In Fig. 4, we have indicated
the positions of the receivers in the absolute frame, de-
noted, respectively, as (xA, yA) and (xB, yB), when the
AGV is rotated by an angle θ. Therefore, the measure-
ment equation provides an indirect estimation of θ and
of the position of the RP, through direct estimation of
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Fig. 4. Position of the TNA and TNB with respect to the reference
point.

the positions of the two TNs. In fact, a rotation of θ̂ is
used to obtain the position of the RP given the positions
of the TNs. In particular, the non-linear measurement
equation is the following:

z = h(s) + v

=

⎡
⎢⎢⎣

x̃Ak

ỹAk

x̃Bk

ỹBk

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

xk + a cos(θk)
yk + a sin(θk)
xk − b sin(θk)
yk + b cos(θk)

⎤
⎥⎥⎦ + vk. (18)

The UWB receivers estimate independently their posi-
tions, without collaborating together and using the iter-
ative Least Squares (LS) minimization technique pre-
sented in [18]. From Eq. (18), one obtains the Jacobian
of h(·), with respect to the state s, evaluated in (sk,0):

HTTDOA � �sh|(sk,0) =

⎡
⎢⎢⎣

1 0 −a sin(θk)
0 1 a cos(θk)
1 0 −b cos(θk)
0 1 −b sin(θk)

⎤
⎥⎥⎦ .

The measurement update equations are formally
identical to Eqs (14) and (17), i.e.,{

ŝk = sk + Kkek

P̂k = (I4 − KkHTTDOA)Pk.

where ek and Kk can be expressed, as shown in Ap-
pendix B.2, as:

ek = z − HTTDOAT
sk

Kk =
Pk−1HTTDOAT

Pk−1HTTDOAT + RTTDOA
.

5. Simulation setup

5.1. Description of the scenario

The tracking algorithms presented in the previous
sections have been evaluated using a custom Matlab-
based simulator. The first illustrative scenario (denoted
as Scenario I), considered in most of the remainder of
the paper (but in Subsection 6.4), is shown in Fig. 5.

The AGV (indicated by a rectangle) follows a pre-
determined path (solid gray line) in a warehouse-like
environment. In particular, every T o the AGV chooses
its direction according to a simple path-following al-
gorithm and generates a uniformly distributed speed in
the interval [vmin

s , vmax
s ]. For ease of comprehension,

the instants at which the AGV reaches (on average) the
first, second, and third turns are explicitly indicated in
Fig. 5. The considered bi-dimensional environment al-
so has some obstacles (thick black lines), that absorb
the UWB signal, thus leading to NLOS propagation
conditions. The ANs (indicated by a cross and a circle)
are pseudo-randomly placed, abiding by the physical
constraints imposed by the environment but without
any optimization: a more regular ANs’ placement will
be considered in Subsection 6.4. Before evaluating the
performance of the TDOA and TTDOA tracking algo-
rithms, every receiver selects independently the nearest
N = 4 ANs.

If not otherwise specified, the values of the relevant
simulation parameters are those shown in Table 2. Ac-
cording to these values, T o � T u, and this implies
that the measurement step is executed with a significant
lower frequency than the prediction step.

It is worthmentioning that the standard deviationsσS

andσα characterize the error generated by the odometer
at every step, i.e., every T o.

The distance estimate used in the measurement step
of the EKF is defined by the real-time execution of the
ED-based estimator, configured with the parameters of
Table 1, and by consideringTp = Ts = 1 ns. Therefore,
in 26 the following values obtained in the training phase
described in Subsection 3.4, have been used: σr0 =
0.01 m and σb = 0.08 m.

5.2. Performance metrics

The performance of the proposed tracking algo-
rithms, in terms of Root Mean Square Error (RMSE),
is evaluated through Monte Carlo simulations of the
scenario described in Subsection 5.1. In particular, the
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Table 2
Parameters used in the simulation

σS σα σr0 T o Tu L vmax
s vmin

s

0.01 m 0.00175 rad 0.01 m 3.9 ms 125 ms 0.8 m 2.5 m/s 0.6 m/s

Fig. 5. A graphical representation of the Scenario I.

RMSE of the estimated AGV distance, with respect to
its real position, is defined as follows:

RMSEr �
√

E{(x̂ − x)2} + E{(ŷ − y)2} (19)

while the RMSE of the AGV heading is

RMSEθ �
√

E{(θ̂ − θ)2}. (20)

Moreover, in order to assess the impact of the scenario
geometry on the performance we consider the Geomet-
ric Dilution Of Precision (GDOP) and the Position Er-
ror Bound (PEB) [21]. Roughly speaking, the GDOP
is an indicator of the impact of the geometry of the ANs
on the position estimation errors, without considering
the distance between ANs and TN. In the case of a
TDOA system, it can be computed as in [22]:

GDOPTDOA
A =

1
σr0

√
GA(1, 1) + GA(2, 2)) (21)

where GA indicates the matrix, introduced in Eq. (29),
relative to the TNA receiver. It can be shown that the
minimum GDOP, equal to 2/

√
N , is obtained when the

ANs build a regular polygon around the TN.

The GDOP is a valid tool when σr = σr0 , but it is
useless when σr depends on the distance, as in Eq. (26),
since in the latter case the geometry of the network is
less important. In this context, the PEB is more rele-
vant, since it is defined as the lower bound of RMSEr,
thus allowing to assess the impact of both the distance
of the ANs and the network geometry [21]. The ex-
pression of the PEB for a TOA system, denoted as
PEBTOA, is the following [21]:

PEBTOA
A =√ ∑n

k=1 Ak∑n
k=1 Akck

∑n
k=1 Aksk − (

∑n
k=1 Akcksk)2

where ck = cos(θA
k ), sk = sin(θA

k ), and

Ak =
1

σ2
r0 ||TNA − ANk||2 +

2
||TNA − ANk||2 . (22)

The angle between the x-axis of the absolute frame and
the segment between the origin and TNA is denoted as
θA

k , while ||TNA − ANk|| is the length of the segment
itself (the distance). We have considered the PEB for
a TOA system since (i) it is easier to obtain than the
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Fig. 6. GDOP and PEB experienced by the AGV along the considered path, by considering two constant values of σr0 , respectively, 0.1 m and
0.01 m. The PEB curve corresponding to the real UWB positioning system is also shown.

PEB of a TDOA system and (ii) both PEBs are very
similar, as shown in the simulation analysis carried out
in Subsection 5.1. We finally observe that, in the case
of constant σr (e.g., when it is independent from the
distance), Eq. (22) reduces to Ak = σ−2

r0 and, then, the
PEB becomes identical to the GDOP multiplied by σr0 ,
i.e.,

PEBTOA = σr0GDOPTOA. (23)

Equation (23) is important since it allows to compare
the PEBTOA, which is relative to a TOA system, with
the scaled GDOPTDOA carried out by a TDOA sys-
tem, in order to validate this approximation. This com-
parison is carried out in Fig. 6 for an AGV following
the path in Fig. 5 and for two values of σr0 (0.1 m and
0.01 m, respectively). For both values of σr0 , the PEB
curves compare favorablywith the scaled GDOPTDOA

curves of a TDOA system. Therefore, it is possible
to consider PEBTOA as a good indicator of the real
PEBTDOA. Furthermore, in both cases there are no
significant peaks of the PEB, thus showing that the ANs
are well positioned. Finally, in Fig. 6 we also show the
PEBTOA obtained by using the real UWB positioning
system in the same scenario. It emerges that the UWB
system exhibits a PEB comparable to that of the case
with σr0 = 0.1 m.

6. Performance evaluation

In this section, we analyze the performance of the
proposed AGV tracking systems, by means of numer-

ical simulations, from various viewpoints. In partic-
ular, this section has the following goals, targeted in
corresponding subsections: (i) to compare the perfor-
mance of the TDOA and TTDOA algorithms, in order
to verify the presence of an effective performance gain
of the solution with two receivers (Subsection 6.1); (ii)
to assess the validity of the noise Gaussian approxima-
tion, which is expedient to use of the EKF technique
(Subsection 6.2); (iii) to accurately evaluate the perfor-
mance of the TTDOA algorithm as a function of several
system parameters (Subsection 6.3); (iv) to assess the
impact, on the system performance, of the ANs’ place-
ment and of the presence of moving obstacles (Subsec-
tion 6.4).

6.1. Performance comparison of TDOA and TTDOA
algorithms

The first task (i.e., the comparison between the
TDOA and TTDOA algorithms) has been performed
without using the ED-based estimator. Instead, in
the simulator distance estimates are generated as in
Eq. (25), where the Gaussian noise has zero mean
and standard deviation independent of the distance
(σr = σr0 , ∀r). In the upper and lower subfigures of
Fig. 7, RMSEr and RMSEθ are shown, respectively,
as functions of time.4 In both cases, two values of

4In this section, if not differently specified, the shown RMSEs are
evaluated after the update step of the EKF (i.e., every Tu s): this
leads to smoother and more readable figures.
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Fig. 7. RMSEr (upper subfigure) and RMSEθ (lower subfigure), as functions of time, with the TDOA and the TTDOA algorithms, respectively.
Two values of σr0 (0.1 m and 0.01 m) are considered.

σri = σr0 are considered: namely, 0.1 m and 0.01 m.
Figure 7 shows thatwhenσr0 = 0.1m, the performance
of both TDOA and TTDOA approaches is limited. In
this situation, the UWB positioning system provides
too noisy measures and, therefore, does not contribute
to reduce the localization errors, but is only effective
in preventing error accumulation. For this reason, the
performancesof the TDOA and TTDOA algorithms are
identical.

The comparison with σr0 = 0.01 m is more mean-
ingful, since in this case the UWB positioning system
allows to significantly reduce the localization errors. In
this case, the TTDOA technique, by taking advantage
of the twin receiver configuration, significantly reduces
both RMSEr and RMSEθ , with respect to the TDOA
approach. From the results in Fig. 7, it emerges that
the TTDOA approach also reduces the estimation os-
cillations, thus leading to a smootherAGV movement.5

Despite these improvements, the RMSEs still show a
few peaks. They are due to the combination of several
causes. Notably, the peak at t = 25 s is probably due to
the corresponding peak of the PEB observed in Fig. 6.
On the other hand, the remaining RMSE peaks appear

5In the perspective of coupling the localization algorithm with
the driving algorithm of the AGV, it is particularly important to
minimize the estimation oscillations, in order to avoid abrupt changes
of direction.

in correspondence to the turns of the path and, there-
fore, are probably generated by the odometer. This is
reasonable since, during turns, both sources of error
of the odometer (i.e., α and S) have relevant impacts,
while in the straight segments the error on α has a
limited impact.

In the following subsections (but for Subsection 6.4),
we will only consider the TTDOA algorithm, as this is
more promising than the traditional TDOA algorithm,
at leastwhen the estimation errors are sufficiently small.

6.2. Impact of the gaussian approximation of the
noise distribution

We now investigate the impact of the noise Gaus-
sian approximation on the system performance. More
precisely, we compare the results obtained by effec-
tively using the ED-based estimator in the simulator
with those obtained by generating the estimation bias
according to a Gaussian distribution. It is important to
observe that, in both cases, the EKF uses Eq. (26) in
order to determine the value of σri , using the same val-
ues of the parameters σr0 and σb. Therefore, the EKF
“sees” the same underlying distance estimator (Gaus-
sian error with variance given by Eq. (26)), but in the
simulator two radically different approaches are used.

The obtained results are shown in Fig. 8, along with
the results obtained with σr independent of the distance,
for two values of σr0 (0.1 m and 0.01 m, respectively).
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Fig. 8. RMSEr as a function of time (and thus position), obtained with the TTDOA algorithm. Two values of σr0 are considered (0.1 and
0.01 m), Gaussian error, ED-based estimator.

Coherently with the conclusions reached with the
PEB analysis (Fig. 6), the system σr = σr0 = 0.01 m
outperforms the others, thanks to its much lower PEB,
and it thus acts as a benchmark. Conversely, the ED-
based system exhibits a performance significantly bet-
ter than that of the other systems and it sometimes
reaches the same performance level of the benchmark,
despite the fact of having a quite smaller PEB. This
discrepancy can be motivated by observing the shape
of the PMF of the bias in Fig. 3. In fact, is easy to un-
derstand that the represented PMF leads (on average) to
smaller errors than a Gaussian-like distribution, thanks
to its smaller tails (especially for negative values of
the bias). Furthermore, these results allow to validate
the Gaussian approximation (expedient for the EKF de-
sign). In fact, the real error distribution leads to bet-
ter performance than that with an artificially generated
Gaussian distribution.

According to the findings of this subsection, in the
following we focus only on the use of the ED-based
estimator coupled with the TTDOA algorithm, ignoring
the other system configurations.

6.3. Impact of system parameters

Once the channel model and the TTDOA estimator
have been fixed, there are four remaining design pa-
rameters (“degrees of freedom”): (i) T u; (ii) T o (iii);

σS; (iv) σα. For easy of comprehension, in our analy-
sis we have not changed T o, implicitly assuming that
the adopted value is the one guaranteeing the optimal
tradeoff between accuracy and update frequency.

We initially focus on the parameters related to the
odometer (namely, σS and σα), by considering an in-
creased value of the standard deviation σS (0.001 m)
and a reduced value of the standard deviation σα

(0.00175 rad). In particular, we have considered 4 dif-
ferent configurations obtained by combining the val-
ues σS = 0.01 m, 0.001 m and σα = 0.0175 rad,
0.00175 rad, while the remaining parameters are con-
figured as in Tables 1 and 2. The choice of considering
the value σS = 0.001 m can be justified by observing
that the previously used value (σS = 0.01 m) was quite
pessimistic, since it leads to an error around 10÷20 cm
per meter covered by the AGV.

The obtained performance is shown in Fig. 9, in
terms of RMSEr and RMSEθ as functions of time.
According to the results of Fig. 9, it emerges that σα

has a limited (almost negligible) impact on the perfor-
mance. This is probably due to the predominance of
straight segments in the considered path of Fig. 5, with
respect to the small number of turns. On the opposite
hand, the standard deviation σs significantly influences
the performances. In fact, the value σs = 0.001 m
leads to a significant performance improvement and to
a reduction of the oscillations.
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Fig. 9. RMSEr (upper subfigure) and RMSEθ (lower subfigure), as functions of time, in the CM3 UWB channel, using the ED estimator and
with the TTDOA algorithm. Two values of σs (0.01 m and 0.001 m), and two values of σα (0.0175 rad and 0.00175 rad) are considered.

It is now interesting to investigate the possibility
of further improving the performance by reducing the
time interval T u between two consecutive EKF mea-
surement steps to 32.5 ms, thus increasing the update
frequency of the UWB positioning system. According
to the IEEE 802.15.4a standard, this is a reasonable as-
sumption, since the duration of a ranging packet usual-
ly does not exceed 5 ms.6 Hence, since there are 5 ANs
in every collision domain, T u can be reduced, even
considering a time guard between successive ranging
packets, by at least a factor of 4, thus yielding to an
update interval T u = 32.5 ms.

By combining the values σS = 0.01 m, 0.001 m
and T u = 32.5 ms, 125 ms, it is possible to obtain
4 different configurations (referred to as (a), (b), (c),
and (d)), whose parameters are summarized in Table 3.
The remaining parameters are configured as in Tables 1
and 2, including a single value for σα (0.00175 rad),
since it has a negligible impact, as shown in Fig. 9. The
configuration (a) acts as a negative benchmark since it
has the “less favorable” set of parameters (σS = 0.01 m
and T u = 125 ms). On the opposite, the configuration
(d), characterized by smaller values of σS and of T u,
is the one with the “most favorable” set of parameters.
The remaining configurations (b) and (c) lead to a single
improvement, in terms of either σS or T u.

6More precisely, the value of 5 ms is a worst-case scenario, ob-
tained by considering the longest SHR preamble (4160 symbols) and
the lowest modulation data-rate (110 Kbit/s) [19].

Table 3
Improved configuration settings and corresponding performance re-
sults (relative to Fig. 10) in various scenarios

(a) (b) (c) (d)

Tu [ms] 125 125 32.5 32.5
σS [m] 0.01 0.001 0.01 0.001
RMSEr [m] 0.0428 0.0129 0.0265 0.00877
max{RMSEr} [m] 0.0795 0.0225 0.0450 0.0126
RMSEθ [◦] 0.2928 0.1265 0.1945 0.0814
max{RMSEθ} [◦] 2.4000 0.5613 1.4086 0.4274

In Fig. 10, the performances of the new configura-
tions, in terms of RMSEr and RMSEθ as functions
of time, are directly compared. In order to shed light
on the impact of T u, in Fig. 10 a shorter time win-
dow (between 15 s and 20 s) is considered and, more
importantly, the shown RMSEs are sampled after the
prediction step of the EKF (i.e., every T o). In order
to quantitatively characterize the qualitative evaluation
offered by the graphical analysis, in Table 3 we clearly
list the time-averaged values and the maximum values
of RMSEr and RMSEθ.

By observing Fig. 10 and Table 3, it emerges that in-
creasing the update frequency and reducing σS lead to
similar beneficial effects: (i) to significantly reduce the
absolute values of the RMSEs; (ii) to achieve weaker
local oscillations. The joint adoption of these improve-
ments lead to very small RMSEs’ values, almost con-
stant over the time, as in the case of the configuration
(d).
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Fig. 10. RMSEr (upper figure) and RMSEθ (lower figure), as functions of time, obtained with the TTDOA algorithm, setting σr0 = 0.01 m.
The dot-dashed line curve refers to the case with constant σr . The others three curves correspond to the configurations in Table 3. (Colours are
visible in the online version of the article; http://dx.doi.org/10.3233/ICA-2012-0390)

It is interesting to note that configuration (d) exhibits
a sub-centimeter average RMSEr (9 mm), with a max-
imum value of 1.3 cm, and a small value of average
RMSEθ (less then 0.1◦). These values seem to be
satisfactory for the tracking of AGVs in industrial ap-
plications related to goods’ displacement in factories.
However, before integrating our approach into a real
guidance system, there are some questions that are still
unaddressed. For example, an algorithm for the place-
ment of the ANs is still needed. Finally, it is not yet
clear if the amplitude of the oscillations are compatible
with the requirements of real-time guidance systems.
This is the subject of our current research activity.

6.4. Impact of anchors’ placement and of moving
obstacles

Until now we have considered a scenario (which will
be referred to as Scenario I) characterized by pseudo-
randomly placed ANs and a quasi-symmetric path cov-
ered by the AGV. In this subsection, we consider a more
regular scenario, denoted as Scenario II, with a sym-
metric path followed by the AGV and more regularly
placed ANs: the new scenario is shown in Fig. 11. In
particular, 12 ANs are located along the straight seg-
ments, while the remaining 16 ANs are located around
the four corners of the path. The total number of ANs
(namely, 28) is thus slightly increased with respect to

that (equal to 24) of Scenario I and it corresponds to
an ANs’ density approximately equal to 0.05 AN/m2.
For ease of comprehension, the instants at which the
AGV reaches (on average) the first, second, and third
turns are explicitly indicated in Fig. 11.

In Fig. 12, the performances in both scenarios (with
the parameters of Table 2) are directly compared in
terms of RMSEr and RMSEθ as functions of time. It
should be noticed that because of the different lengths
of the paths followed by the AGV, it is not possible
to compare the corresponding performance curves in a
pointwise manner. However, it is still possible to com-
pare the performance in terms of average behavior. As
expected, it can be observed that Scenario II does not
offer advantages in terms of absolute values: howev-
er, in this scenario the RMSEs have a quite smoother
behavior. Furthermore, by comparing Figs 12 and 7
it emerges that when using realistic ED-based receiv-
er, the performance gap between TDOA and TTDOA
schemes becomes significantly larger. This further mo-
tivates the choice of adopting the TTDOA scheme.

Finally, in order to further evaluate the robustness of
our approaches, in Scenario II we have considered the
presence of a couple of moving obstacles. More specif-
ically, we assume to have two additional vehicles, one
preceding the tracked AGV, and the second following
it, moving at the same (random) speed of the AGV. Ob-
viously, more sophisticated mobility models of the ob-
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Fig. 11. Graphical representation of Scenario II. The starting positions of the moving obstacles are also shown.

Fig. 12. RMSEr (upper figure) and RMSEθ (lower figure), as functions of time, obtained with the TDOA and the TTDOA algorithms, using
the parameters of Table 2, and by considering Scenario I and Scenario II.

stacles, as those presented in [12], could be considered.
The obstacles are slightly wider and longer than the
tracked AGV. The starting positions of the AGV itself
and of obstacles is shown in Fig. 11. More precisely,
by considering the respective RPs: (i) the AGV starts
in (1.8, 0) m; (ii) the starting position of Obstacle I is
(−2.9, 0) m; (iii) the starting position of Obstacle II is

(4.15, 0) m.
In Fig. 13, the performances obtained in Scenario

II, with and without the moving obstacles, are directly
compared in terms of RMSEr and RMSEθ as functions
of time. According to the results of Fig. 13, it emerges
that this specific configuration of moving obstacles has
a limited impact on the performance and it determines a
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Fig. 13. RMSEr (upper figure) and RMSEθ (lower figure), as functions of time, obtained with the TDOA and the TTDOA algorithms, using
the parameters of Table 2 and Scenario II. Two configurations are considered: (i) the first without obstacles; (ii) the second with obstacles.

penalty loss only in a short fraction of the path followed
of the AGV. More precisely, the loss refers to the path
segments where the TDOA/TTDOA algorithm cannot
be executed because of the too small number of visi-
ble ANs. In these cases, the RMSEs exhibit relevant
peaks (almost one order of magnitude higher than the
typical values) whose heights and durations are more
pronounced when using the TDOA algorithm. Con-
versely, as one expects, the TTDOA approach is more
robust against the presence of moving obstacles.

7. Conclusions

In this work, we have presented two tracking algo-
rithms for an AGV moving in an industrial scenario,
based on an EKF that combines measures from an on-
board odometer (local positioning system) and from a
UWB-based wireless localization system (absolute po-
sitioning system). The main contributions of this work
can be summarized as follows.

– We have proved that the standard deviation of
UWB-based rangingmeasurements linearly scales
with the distance. We have also shown that a
Gaussian approximation is not accurate for mod-
eling the error distribution of UWB-based rang-
ing measurements, since it tends to significantly
overestimate the predicted distance error.

– We have presented a novel, to the best of our
knowledge, solution (namely, the TTDOA algo-
rithm) that fuses together the location informa-
tion provided by an on-board odometer with that
provided by an absolute UWB-based positioning
system.

– The proposed scheme exhibits a centimeter-grade
accuracy in bi-dimensional environments with
an AN spatial density approximately equal to
0.05 AN/m2. This performance level has been
obtained in strongly faded environment, without a
refined optimization of the placement of the ANs,
and by considering standard equipment (odometer
and UWB transceivers).

– The TTDOA algorithm outperforms the classical
single receiver-based approach (TDOA) in all the
tested operative conditions. The performance gap
between the two approaches in normal conditions
(e.g., without obstacles) is proportional to the pre-
cision of the UWB system. Moreover, according
to the experimental results, the advantages offered
by the TTDOA solution are more relevant in non-
ideal scenarios, namely, with realistic UWB re-
ceivers and with the presence of moving obstacles
that temporarily obstruct the visibility of the ANs.

Future extensions of this work may include:

– the derivation of an analytical planning technique
for optimized ANs’ placement;



20 S. Busanelli and G. Ferrari / Improved ultra wideband-based tracking of twin-receiver automated guided vehicles

– coupling of the proposed positioning system with
the AGV guidance system;

– effective real-time execution of the proposed algo-
rithms.

Moreover, we are currently planning to implement the
proposed solutions in a real testbed in order to perform
accurate measurement campaigns.
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A. Analytical derivation of the prediction step

In this section, the matrices A and Q used in the
a priori error covariance matrix update Eq. (11), will
be derived. In particular, the matrix A, defined as the
Jacobian of f(·, ·) with respect to the state vector s and
evaluated in (̂sk−1,uk,0), can be obtained as follows:

A � �sf |(̂sk−1,uk,0)

=

⎡
⎣1 0 −Sk sin(θ̂k−1) cos(αk)

0 1 Sk cos(θ̂k−1) cos(αk)
0 0 1

⎤
⎦ .

In order to derive the noise covariance matrix Q it is
necessary to analyze the errors affecting the odometer
measurements. In particular, we can define the vector
ũk as follows:

ũk =
[
S̃k

α̃k

]
=

[
Sk + w′

k(1)
αk + w′

k(2)

]
(24)

where the vector w′ = (w′
k(1), w′

k(2)) is a bivariate
Gaussian random vector with zero mean and with the
following (known) covariance matrix:

Qodo =
[
σ2

S 0
0 σ2

α

]
.

Now, Q is related to the covariance matrix Qodo by the
following relationship and it can be derived as follows:

Q = BQodoBT

where B is the Jacobian of f(·, ·) with respect to the
control vector u:

B � �uf |(̂sk−1,uk,0)

=

⎡
⎢⎢⎣

cos(θ̂k−1) cos(αk) −Sk sin(θ̂k−1) sin(αk)
sin(θ̂k−1) cos(αk) −Sk cos(θ̂k−1) sin(αk)

sin(αk)
L

Sk cos(αk)
L

⎤
⎥⎥⎦ .

B. Analytical derivation of the measurement step

B.1. TDOA

Let define with ri the (real) distance between the TN
and the i-th AN, i.e.,

ri =
√

(xA − xi)2 + (yA − yi)2 i = 1, . . . , N.

Then, the measured relative distances can be expressed
as

r̃i = ri + ni + bi i = 1, . . . , N (25)

where: bi = b, ∀i and b is the synchronization bias,
with respect to the ANs; and the noise samples {ni}
have a multi-variate Gaussian distribution with zero
mean and the following diagonal covariance matrix:

Σr
2 = diag(σ2

r1 , σ
2
r2 , . . . , σ

2
rN).

It is important to point out that the Gaussianity assump-
tion is necessary to employ the EKF technique, but as
shown in Subsection 3.4, the real distribution of the
distance estimation error is not Gaussian. In Subsec-
tion 3.4 it has been proved the existence of a linear re-
lationship between σr and the distance, accordingwith,
σ2

ri
can be expressed as follows:

σ2
ri

= (σr0ri + σb)2 . (26)

The relative distances between the i-th AN and the
RN are given by:

di,1 = ri − r1 i = 2, . . . , N

while the noisy relative distances are given by:

d̃i,1 = r̃i − r̃1 + ni − n1 i = 2, . . . , N. (27)

Therefore, the relative distances from the 2-nd to the
N -th anchor are affected by a Gaussian vector with
zero mean and with the following (N − 1) × (N − 1)
covariance matrix:

RTDOA = QTDOA σr
2 QTDOAT

(28)

=

⎡
⎢⎢⎣

σ2
r1 + σ2

r2 σ2
r1 . . . σ2

r1
σ2

r1 σ2
r1 + σ2

r3 . . . σ2
r1

. . . . . . . . . . . .
σ2

r1 σ2
r1 . . . σ2

r1 + σ2
rN

⎤
⎥⎥⎦ .



S. Busanelli and G. Ferrari / Improved ultra wideband-based tracking of twin-receiver automated guided vehicles 21

where QTDOA is a (N − 1) × N matrix defined as:

QTDOA =

⎡
⎢⎢⎣
−1 1 0 . . . 0
−1 0 1 . . . 0
. . . . . . . . . . . . . . .
−1 0 0 . . . 1

⎤
⎥⎥⎦ .

From Eq. (15), it follows that Kk and ek can be
expressed as

ek = z − HTDOAT
sk

= z − u− r̂1p

Kk =
Pk−1HTDOAT

HTDOAPk−1HTDOAT + RTDOA

where r̂1 is the distance between the RN and the pre-
dicted AGV position [sk(1) , sk(2)]T , and the vectors
p and u are defined as follows [26]:

p =

⎡
⎣ d̃2,1

. . .

d̃N,1

⎤
⎦

u =
1
2

⎡
⎢⎢⎣

(
x2

2 + y2
2

)− (
x2

1 + y2
1

)− d̃2
2,1(

x2
3 + y2

3

)− (
x2

1 + y2
1

)− d̃2
2,1

. . .(
x2

N + y2
N

)− (
x2

1 + y2
1

)− d̃2
N,1.

⎤
⎥⎥⎦ .

B.2. TTDOA

The covariance matrix of the noise vector vk, denot-
ed as RTTDOA, can be obtained by deriving the covari-
ance matrix of the TDOA estimations of the positions
of TNA and TNB, denoted, respectively, as GA and
GB. One thus obtains:

RTTDOA =
[
GA I2

I2 GB

]
.

where GA and GB are functions of the covariance
matrix RTDOA introduced in Eq. (28). The matrix GA

(the same considerations hold for GB) can be obtained
as shown in [22] as follows:

GA =
(
MT

ARTTDOAMA

)−1
(29)

whereMA it is the Jacobian of the Eq. (27)with respect
to the coordinates of TNA (i.e., (xA, yA):

MA =

⎡
⎢⎢⎣

xA−x2
r2

− xA−x1
r1

yA−y2
r2

− yA−y1
r1

xA−x3
r3

− xA−x1
r1

yA−y3
r3

− yA−y1
r1

. . . . . .
xA−xN

rN
− xA−x1

r1

yA−yN

rN
− yA−y1

r1

⎤
⎥⎥⎦ .

We finally obtain the expressions of ek and Kk:

ek = z − HTTDOAT
sk

Kk =
Pk−1HTTDOAT

Pk−1HTTDOAT + RTTDOA
.
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