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Abstract. Indoor positioning methods using radio networks are
investigated. Time Difference of Arrival (TDOA) method is studied
deeply, and the main problems are revealed. Application of ultra-wide
band (UWB) radio technology to TDOA method is discussed, and
limitations to UWB receiver and transmitter are revealed. These results are
of great importance for the organization of unmanned moving devices
management in the paradigm of fully autonomous Fabric of the Future in
Industry 4.0.

1 Introduction

Many modern applications in Industry 4.0 needs high precision indoor positioning based on
remote sensing methods. These applications include for example, warchouse management
and tracking of robotic vehicles inside manufacturing space [1, 2]. In such situation one of
the most popular methods uses measurements that are based on receiving an
electromagnetic signal transmitted from a tracked object by several spatially distributed
base stations [3]. Commonly used measurements are time delay for an active variant of the
positioning system [4] and time differences for the passive environment [5].

The choice of method depends on many conditions. These are the required positioning
accuracy, the rate of interrogation, the number of positioned objects, the possibility of their
time synchronization, the presence and nature of the interference, etc. [6, 7]. From a
practical point of view, the simplest methods should be preferred, but with increased
requirements for accuracy and in unstable conditions, this may not be enough. In a
complex, constantly changing environment of large rooms, associated with the constant
movement of a large number of people, the most suitable rangefinder parameters are
obtained based on a two-sided assessment [8]. They do not require strict time
synchronization, are more accurate, and require time synchronization only at base stations.
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2 Materials and Methods

2.1 Review and analysis of the field

There are the following methods for determining the location and measuring the
coordinates of an object in radio networks [9-11]:

—In RSSI (Received Strength Signal Indication) the distance to the object is estimated by
the signal strength. The method is based on the assumption of a fairly rigid relationship
between the degree of signal attenuation and the distance traveled. The main advantage of
the method is simplicity. When using it, nothing is required except for fixing the received
signal power from the positioned object at the base nodes. This method works well at short
distances, but with an increase in the range, it gives a large error due to the specifics of the
propagation of the radio signal;

—In AoA (Angle of Arrival) the location of the object is determined within the area of the
triangle formed by the intersection of the axes of the antenna patterns of the sectors of three
base stations (modified triangulation method);

—ToF (Time of Flight) is a measurement of the travel time of an electromagnetic wave
from a mobile device (object) to an access point using a chirp signal;

—ToA (Time of Arrival) is a measurement of the signal travel time from the mobile
terminal to the base station. The distance to the object is calculated based on the difference
in the time of signal sending and receiving. Moreover, this method requires strict time
synchronization on the sender and receiver, which is quite difficult to achieve.
Synchronization error can significantly affect the ranging error;

—TDoA (Time Difference of Arrival) - the difference in the arrival time of a signal from a
mobile device to several base stations is measured. Strict time synchronization is required
only at base stations; no such requirements are imposed on a moving device;

—RTT (Round TripTime) - the base station sends a signal to a mobile device and waits
for a response signal; the time difference between sending and receiving a signal is used to
determine the travel time of the signal in both directions, and, consequently, the distance
between objects;

—LPT (Location Patterning Techniques) - positioning is done using pattern recognition of
radio signals, based on sampling and recording of radio patterns of signal behavior in a
specific environment.

1.2 TDOA positioning main problems

In the TDoA method, the difference in the arrival times of the signal from the mobile
device to the receivers is determined (Figure 1). This method requires synchronization of
receivers, which can be achieved by using special measures such as the White Rabbit
synchronization network [12, 13].

It is necessary to know the coordinates of at least three fixed receiving devices to
calculate the coordinates of a mobile device on a plane using TDoA. Knowing the speed of
the signal in the receiver and TDoA:

_ (Di-Dy)

Lj =123, (1)

we can determine the location coordinates of the moving device (2):
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where #; is time of arrival of the signal at i-th receiver.

The solutions of the equations in the plane (x, y) will be three pairs of hyperbolas with
foci at the locations of the receivers. Their intersection coincides with the location of the
mobile device shown in Fig 1. The authors have developed a method using the exact
solution of these equations [14].
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Fig 1. Positioning in the TDoA method, M - mobile device; 1, 2, 3 - receivers; D1, D2, D3 - the
distance between the mobile device and the receivers; D2-D1, D3-D1, D3-D2 - hyperbolas obtained
by solving equation (2)

Currently, systems are used to improve accuracy, in which various positioning
technologies are combined [15-17].

Ultra-wideband (UWB) technologies provide the highest positioning accuracy. Ultra-
wideband (UWB) signals include signals with a central frequency F, and a band AF, having
a relative bandwidth D=AF/ F, > 0.2...0.25, as well as signals with a band AF > 500 MHz
(in the frequency range 3.1 ... 10.6 GHz). According to classical concepts, the magnitude of
the error in determining the distance between the receiver and the transmitter or between
the transceiver and the target when using the radar principle is inversely proportional to the
frequency band, all other things being equal. Therefore, UWB systems are interesting for
locating radiation sources. However, with a specific implementation of one or another
distance measurement scheme, it is necessary to develop specific techniques and methods
for realizing these potential capabilities.

The following UWB wireless technologies are currently in use [18]:

1. Ultrashort pulses. The pulse duration depends on the frequency range used, but is
usually between 100 and 2000 ps. The property of these signals is the rigid connection of
the pulse duration with the width of the power spectrum and its location on the frequency
axis: the power spectrum extends from zero to the frequency f~ I/T, where T — is the length
of the ultrashort pulse (Figure 2.a). Signal base B ~ /.

2.Short radio pulses-oscillation trains. Within the framework of this approach, the
signal is generated in a given frequency band. As in the case of ultrashort pulses, there is a
strong relationship between the pulse duration and the signal power spectrum. The shape of



E3S Web of Conferences 264, 05060 (2021) https://doi.org/10.1051/e3sconf/202126405060
CONMECHYDRO - 2021

the pulse envelope is chosen to be bell-shaped to obtain a more uniform spectral density in
the frequency band (Figure 2.b). Signal base B ~ /.

3.Chaotic radio pulses. The envelope of the power spectrum of these signals is
determined by the initial spectrum of a continuous chaotic signal and, when certain
conditions are met, practically does not depend on the pulse length (Figure 2.c). The signal
base can vary widely.

4.Bursts of short pulses. As in the case of a single short pulse, the shape of the same
pulses is consistent with the specified frequency band (Figure 2.d). The signal base is
proportional to the number of pulses in the burst.

5.Signals with direct spread spectrum. This solution involves cutting a sinusoidal signal
into very short fragments called "chips." A series of "chips" are used to transmit one bit. In
the limit, when one "chip" is used to transmit one bit, this method coincides with the
method of forming ultrashort pulses. The signal base is equal to the number of "chips" used
to transmit one bit of information.
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Fig 2. Fragments of UWB signals (dependence of amplitude 4 on time ¢): a is an ultrashort pulse with
duration 7; b is a short pulse formed from a fragment of a harmonic signal of duration 7 with a
Gaussian envelope; c is chaotic radio pulse of duration 7; d is a pack of ultrashort pulses; e - signal
with orthogonal frequency multiplexing; f is linear-frequency modulated pulse of duration T
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6. Orthogonal frequency multiplexing (OFDM) signals. This type of signal has long
been successfully used in radio communications (Figure 2.e). A feature of its use in UWB
systems is a large spectrum width (~ 500 MHz) compared to OFDM signals used earlier.

7. Ultra-wideband signals based on frequency modulation (FM UWB). These signals
are generated by scanning the frequency in the voltage controlled generators (Figure 2.f).
With a single pass of frequency within a pulse, the base of the signal is proportional to the
pulse length. The sweep rate determines the minimum pulse length at which full frequency
sweep occurs. In this case, the signal base is equal to B = ATAF, where AT — is the pulse
length; AF — tuning frequency band.

One of the problems of practical implementation of UWB systems is the
synchronization of the transmitter and receiver. For example, in order to effectively
implement coherent reception, it is necessary to ensure synchronization with an accuracy of
no worse than 10 ps for a pulse length of 150 ps. This is not an easy task, and technologies
with significant energy consumption and rather complex circuitry are used to solve it [19].
The most preferred solution to synchronization problems is provided by the White Rabbit
synchronization system, designed to synchronize the Hadron Collider devices at CERN.
Currently White Rabbit has gone beyond the Hadron Collider project and is widely used in
communication systems.

The moment of signal arrival can be determined by the leading edge of the envelope of
the received radio pulse, as well as by the cross-correlation between the envelopes of the
received signals at the outputs of analog-to-digital converters (ADC). The second method
provides greater positioning accuracy [14, 20]. The signal processing circuit in the
receiving device for the second option is shown in Figure 3. The receiver consists of an
antenna, a low-noise amplifier (LNA), a square-law detector, a low-pass filter (LPF) and an
ADC.

I ina H x LPF ADC

Rx1

TSEG

Fig 3. Scheme of signal processing in the receiving device: LNA - low-noise amplifier, X2 — square-
law detector, LPF - low-pass filter, ADC - analog-to-digital converter, K - correlator that receives
signals from receivers (Rx. 1 and Rx. 2)

In the considered scheme, to determine TDOA, signals at the ADC output are used,
obtained as a result of squaring (the action of a square-law detector) of the received radio
pulses and then passing through a low-pass filter with a cutoff bandwidth significantly
lower than the bandwidth of the original radio pulses. All receivers are considered to be
synchronized in time. Finding TDOA in two receivers is carried out by calculating the
cross-correlation function of two signals received at the output of the receivers y,(?) and
ya(t), and determining the moment in time when the maximum value of the cross-
correlation function (cross-correlation maximum) is observed [14]:

k1,2, 1) = [ y1(®)y,(t — T)dt, 3)



E3S Web of Conferences 264, 05060 (2021) https://doi.org/10.1051/e3sconf/202126405060
CONMECHYDRO - 2021

3 Results and Discussion

In the proposed method, the defining parameters are the length of the radio pulse AT and
the low-pass filter bandwidth Af. These parameters determine the base of the signal at the
output of the receiver and set the error in determining the moment of arrival of the signal.
For example, if the signal bandwidth at the LPF output practically coincides with the
bandwidth of the original radio pulse, then the minimum value of the error in determining
the signal arrival time corresponds to a value inversely proportional to Az = I/AF, where AF'
- is the signal bandwidth. If the LPF band is matched to the length of the received radio
pulse, then the position determination error will be approximately half the length of the
radio pulse. Thus, TDOA measurement uncertainty can be expected to vary widely
depending on the low-pass filter bandwidth of the receiver.

The wider the bandwidth, the more often the readings from the ADC output should
follow. On the one hand, if you use a radio pulse bandwidth, for example, 2 GHz, then the
counts should follow in 0.25 ns. On the other hand, when the LPF bandwidth matches the
RF pulse length, the sample rate will decrease. So, for example, with a pulse length of 100
ns, time samples can follow at time intervals of ~ 50 ns (20 MHz).

The first limiting case is difficult to implement but provides an error in determining the
range of ~ 7.5 cm. The second limiting case is simpler from a technical point of view, but it
has an expected error of ~ 15 m. Therefore, a reasonable compromise is required between
these options. In addition, the technical limitations of the devices used must be taken into
account. When developing receivers based on microcircuits, the LPF parameters can be set
based on the desired TDOA determination error. In the considered scheme, with a fixed
low-pass filter band, the signal's base (processing factor) as the output pulse of the envelope
will be proportional to the length of the radio pulse. The increase in the noise immunity of
the system and the effective use of all the energy of the received radio pulse is the result of
the radio pulse duration increase. Such approach also distinguishes the proposed solution
from determining the moment of arrival on the leading edge of the envelope of the received
radio pulse.

4 Conclusions

1. The current indoor positioning situation includes the application of various
positioning systems, inertial measurement units, and various assistive positioning
technologies. The development trend of indoor positioning is aimed at high positioning
accuracy for indoor applications in a wide range of applications.

2. The main directions of technology improvement include: seamless architecture of
systems based on a heterogeneous network; key indoor technologies - decimeter accuracy;
seamless GIS for indoor and outdoor spaces. The success of GNSS positioning in open
space makes it possible to use them for closed spaces (for example, using pseudo-satellites).

3. This development of high precision technology for indoor positioning in a wide range
of applications will provide a quantum leap in localization technology. High-precision
seamless localization techniques for outdoor / indoor spaces will enrich people's lives and
ensure public safety, for great economic and social benefits.

4. Unlike standard RFID and GPS systems, RTLS systems, built on the basis of ultra-
wideband transmitters, go beyond traditional technologies. The use of short pulses of
energy moving at the speed of light makes it possible to obtain more accurate data on the
movement of people and objects in space in real time.

The use of UWB technology for positioning systems has the advantage of providing
high positioning accuracy over other technologies. Due to the short duration of one UWB
pulse, signals are less susceptible to multipath and interference, and due to the high
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permeability of the ultra-wideband spectrum signal through the "electric slots" in obstacles,
in different parts of the radio range, as well as the ability to work in conditions of high
reflection, such signals propagate better in the presence of different kind of obstacles.
Therefore, UWB technology does not require line-of-sight conditions between individual
devices.

In addition, UWB signals have a sufficiently high noise immunity, which makes it
possible to create more reliable positioning systems.
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