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Abstract
This paper presents the new approach to ZigBee ranging against the background of currently using
techniques. This new approach involves a phase shift measurement instead of standard time of arrival or radio
signal strength approaches. The ZigBee device used in this study and preliminary tests of ranging and
positioning performed using phase shift measurements are presented. The positioning results encourages for
further research on the performance verification and algorithms for processing of ranging results.
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WYKORZYSTANIE POMIARU PRZESUNIĘCIA FAZOWEGO W TRANSMISJI ZIGBEE
DO POZYCJONOWANIA MOBILNYCH ROBOTÓW INSPEKCYJNYCH
Streszczanie
W artykule przedstawiono zmodyfikowane w stosunku do najczęściej obecnie stosowanych podejście do
określania położenia obiektów wykorzystujące propagacje sygnały w protokole ZigBee. Typowe rozwiązania
stosowane aktualnie w systemach lokalizacji opartych o bezprzewodowe sieci wymiany danych bazują na
pomiarach czasu propagacji lub mocy sygnału. Opisane w artykule podejście odwołuje się do pomiaru
przesunięcia fazowego sygnału wynikającego z wykorzystania do transmisji różnych częstotliwości.
Przedstawione w artykule wstępne wyniki eksperymentów uzasadniają dalsze prace nad wykorzystaniem
przedstawionej metody w zakresie opracowania algorytmów obliczeniowych pozycjonowania oraz
weryfikacji efektów w warunkach rzeczywistych.
Słowa kluczowe: pozycjonowanie w przestrzeniach zamkniętych, przesuniecie fazowe, ZigBee.

1. INTRODUCTION
Effectiveness of realization of wide spectrum of
tasks posed to mobile robots strongly depends on
the possibility to control their movement. This
movement is understood as a change in robot
location in reference to the coordinate frame
defined by the environment and as a change in this
environment caused by other moving objects. This
issue is especially important for so called
autonomic robots, which require a "self-awareness
of its position". However in the case of remote
controlled robots the feedback about robot position,
trajectory or movement dynamics is very important
(especially in the case of robots working in harsh
environment).
Cooperative navigation is a subject that is
strongly developed in robotics, where multiple
platforms must be able to cooperate and to perform
various tasks independently in the same geometrical
space. The approach to navigation in such cases
must be different from autonomous localization
(e.g. dead reckoning). Several approaches to such a
navigation were presented for example in [8, 28].
Cooperative navigation is based on both

localization algorithms and communication
between platforms. Various approaches to
navigation are used in this applications. The most
common approach is to use inertial measurement
units for navigation indoors, GNSS/IMU outdoors
or vision systems in limited closed space. The
communication between platforms is ensured using
wireless systems, such as ZigBee, WiFi or
Bluetooth protocols. The concept of cooperative
navigation in robotics can be easily translated for
human positioning applications. Such an approach
is presented for example in [27] where integration
of inertial sensors and ”inter–agent” ranging is
introduced.
Localization and navigation is particularly
important in many aspects of public safety. Firefighters, police, rescue teams and military are using
various localization based services. There is a
continuous development of navigation and
localization systems. They are starting to become
available in places where navigation was previously
difficult or impossible. Development of new
measuring devices and navigation algorithms
allows to think differently about navigation and
localization.
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Fig. 1. Dependency between positioning, localization and navigation

The goal of this paper is to present a new
approach in ranging method in RF networks. The
Phase Measurement Unit (PMU) embedded into
AT86RF233 ZigBee communication module
extends its area of applications. The second goal of
this paper is to present the results of a preliminary
positioning tests.
There are few terms used in this article: ranging,
positioning, localization and navigation. The
relations between these terms are depicted in Fig. 1.
Positioning can be understood as a measurement
technology acquisition and calculation of
coordinates in a fixed reference frame. After adding
some spatial data to positioning (eg. maps) one
obtain a position referenced to this data which will
be called localization. Application of algorithms to
determine the heading, velocity, time or other
parameters will be called navigation. In these terms
ranging can be interpreted in two ways. First one –
range obtained as a result of measurement
technique, used for positioning (a priori ranging).
Second – range obtained on the basis of the results
of positioning or navigation (a posteriori ranging).
This kind of ranging can be used for example to
avoid collisions of robots working in the same area.
Numerous solutions within this scope are adopted
in many other applications where it is important to
know the location of the object as well as
information about a changing environment (other
moving objects).
Depending on the measurement technique,
positioning can be divided into range(geometry)
based positioning and range(geometry) free
positioning (Fig. 2). A priori ranging is used in
range based positioning and a posteriori ranging
can be obtained from each type of positioning. For
example reflecting a group of mobile robots,
realizing independent tasks in a common space and
equipped with GPS receivers we would use the
word positioning. However, if distances between
this robots, derived from the GPS positioning

results, would be used to avoid collisions, word
“ranging” becomes more appropriate.
In the case of range based positioning the
description of point position is described as
coordinates in a fixed reference frame. It is
equivalent to description of point position as a
function of distances to points with known position.

Fig. 1. Positioning methods

2. THE COMMON RANGING
MEASUREMENT METHODS
The most well-known and widely used solution
for the location of mobile objects is currently
GNSS. Its dynamic expansion in navigation
applications, communications and surveying, dates
from March 1996 when US President Bill Clinton
declared that the GPS system will be dual purpose
(military and civilian).
Despite the many advantages, the GNSS
systems does not cover the full area of navigation
applications. The main reason are the properties of
the signal propagation, which restricts the use of
GNSS for open space which is free of obstacles
such as walls, roofs, dense vegetation, etc. There is
an ongoing research in the field of indoor GNSS
navigation presented in many publications, however
the accuracy of such positioning is usually lower
then in outdoor applications [17, 19, 30].
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Classical method to augment GNSS systems in
the indoor applications is to use inertial navigation
systems (INS). These systems are based on the
measurements of craft's acceleration, orientation
and gravitational forces. These values are measured
using inertial measurement units (IMU) which
consists of an accelerometers, gyroscopes and
sometimes magnetometers. The main disadvantage
of INS is the degradation of accuracy in time due to
cumulating error. IMU measurements are affected
with gyroscopes random walk and bias instability.
Another way of GNSS augmentation is to use
pseudolites (or terralites) [5, 6, 17, 23, 24]. This
ground based GNSS signal transmitters are
distributed in places where there are shortages in
GNSS signal, to provide line of sight propagation.
The main disadvantages of this solution are a
necessity to use dedicated receivers, near/far
problem and algorithm modifications (in relation to
standard GNSS receiver).
In case of positioning in local (or closed space)
areas (small space with well determined geometry),
successful and more cost effective solution is to use
systems utilizing sensor devices based on
ultrasound, laser or computer vision [11, 29].
Growth of network technology originally
developed for the exchange of information allows
for the development of network navigation. In this
networks, phenomena of physical layer plays the
role of information carrier about localization or
positioning, as well as they are used to obtain these
data.
Most of modern robots are technical objects of
high complexity in which cooperation between
main elements (such as sensors, executive systems,
chassis or stepping system) is connected with a
large flow of informations both “inside” the robot
and outside communication with other objects. Due
to demands of limited size, energy consumption and
simplification of construction it is favourable to
merge more then one functionality in one system.
The integration of communication functionality
together with distance measurement is one of many
examples of such a merge.
The methods of using networks physical layer
medium for positioning (in the case of most
common near band Wi-Fi, Bluetooth or ultra wide
band UWB) are connected with electromagnetic
wave propagation. Time Of Arrival (TOA), Time
Difference Of Arrival (TDOA), Time OF Flight
(TOF), Radio Signal Strength Indication (RSSI)
described in [4, 18] or Angle of Arrival [22], are all
acquiring data from the physical layer of
communication protocols.
An important issue, that must be taken under
consideration is ranging between mobile nodes. In
this aspect routing is an important issue. Due to the
unpredictable nature of dynamic nodes location,
associated with the displacement of the objects
(robots), the range and quality of transmission
between each of nodes varies with time and is

random. In extreme cases, this peer-to-peer
communication is not possible (for example,
between very distant objects, or objects separated
with obstacles). These limitations are eliminated
using the method of multihop communication,
where transmission between the target node and the
source node is carried out using intermediate nodes,
with partial, undisturbed lines of sight. Continous
change in the relative position of nodes enforces the
use of self-organizing, self-configuring and selfhealing networks operating in ad-hoc mode. In case
of ZigBee protocol the most common is Ad-hoc ondemand distance vector (AODV) [20] routing
algorithm.
RSSI is one of the most commonly used range
free positioning technique among RF networks. The
method, widely described in [4, 15, 28], is radio
signal strength of the received signal from
transmitters placed at known positions. The
foundation of this method is fading of signal along
with increasing distance to its source, which can be
denoted as:
𝑃𝑎𝑡ℎ𝐿𝑜𝑠𝑠 = 20log10 [

4𝜋𝑑
𝜆

]

(1)

Or using more complete equation (namely Friis
equation) [31]:
𝑃𝑅𝑥 = 𝑃𝑇𝑥

𝐺𝑇𝑥 𝐺𝑅𝑥 𝜆2
16π2 𝑑2 𝐿

(2)

where PRx is received power, PTx is transmitted
power, GRx and GTx are receiver and transmitter
antenna gain respectively, λ is a wavelength, d is a
distance and L is a system loss factor.
In the real environment the distribution of radio
signal strength used for positioning or localization,
depends on the environment and presence of
objects that very often disturbs line of sight
propagation (walls, furniture, people).
In the literature two main approaches to RSSI
positioning are distinguished. First one is typical for
small undisturbed areas and is based on the direct
utilisation of path loss model. The second approach
is based on preliminary empirical determination of
radio signal strength map, to which coordinates are
associated. In this method the entire positioning
process is divided in two phases: training phase and
tracking phase [2]. In the first stage a map of radio
signal strength is prepared using a fingerprint and
interpolation technique (for example k-nearest
neighbours) [27].
Despite many advantages of modern navigation
systems, there are applications where navigation
systems have serious outages. Some systems
operates properly only outdoors, accuracy some
degrade with time, some have too small coverage.
There is a lot of research on how to fulfil these
outages. Two main directions of these research are
sensor fusion (integrated navigation) and
cooperative/collaborative navigation. First one
focuses on the use of multiple sensors embedded in
one platform using various algorithms (Kalman
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filtering [10], Bayesian integration [1]). Second one
uses multiple moving objects and measured
distances between these objects to provide relative
position [9, 16]. This is used for example in swarm
of robots navigation [7].
The accuracy and efficiency of various position
or localization systems can be improved using
sensor fusion. This concept is based on the
connection
of
various
positioning
and
communication systems for example ultrasound
system with laser and Wi-Fi positioning.
Another approach to sensor fusion is to combine
various network technologies such as Bluetooth,
Wi-Fi and ZigBee [27].
3. ZIGBEE PHASE-SHIFT MEASUREMENTS
In [8] a review of parameters important for RF
positioning networks is presented. Following
parameters are described: coverage, positioning
model, type, topology, performance, sensor fusion,
positioning phases and application.
AT86RF233 is a 2.4GHz transceiver (from
ATMEL) based on ZigBee protocol. In this device,
next to TOF module, a phase measurement unit
(PMU) is introduced. PMU and TOF modules can
be used for a geometry-based positioning or
proximity detection. Additionaly RSSI can be used
for geometry – free positioning.
Unlike the TOF, where distance is calculated on
the basis of the round trip time, in the phase shift
method the carrier wave is modulated sinusoidally,
and round-trip time is turned into phase shift [21]:
𝛥𝛷 = 2𝜋𝑓

2𝑑
𝑐

(3)

Where f is a frequency hub, c is the speed of
electromagnetic wave propagation, d is a distance
and ΔΦ is a phase shift. When measured distance is
greater than one cycle phase ambiguities must be
taken into account. It can be resolved using TOF
ranging or some search method [14].
For the purpose of this experiment, to measure
the distances, wireless nodes based on the
REB233CBB hardware platform with dedicated
software (RTB Evaluation Application) were used

[25]. Each node consists of REB233SMAD radio
extender with AT86RF233 radio transceiver and a
PCB with AtxMega256A3 micro-controller. A PC
computer is used as main user interface. The
communication between PC and REB233CBB is
performed using USB. Scheme of this device is
depicted in Fig. 3.
In every single distance measurement two
nodes, namely initiator and reflector, are involved.
Single ranging is carried out according to the
flowchart presented in Fig. 4.
In “ranging initiation phase”, which starts with
sending a request from initiator, the ranging
capabilities are negotiated between initiator and
reflector. The request for antenna diversity is
included in this stage. After performing subsequent
phases, namely “timing synchronization” and
“ranging start phase” the proper ranging procedure
is carried out. This procedure is based on the
measurement of phase shift corresponding to
measured distance between nodes. It is repeated for
a set of frequencies defined during the initiation
phase.
In the “data transfer” and “distance calculation”
phases, obtained measurement results are processed
according to equation 4 and distances along with
corresponding DQF values are returned.
𝐷=

𝑐 −1 ∑𝑁−1 𝛥𝜙𝑛
(𝑁−1)𝛥𝑓

4𝜋

(4)

Where D is a measured distance, c is speed of light,
Δf is a frequency increment and Δφ is a phase shift.
Each node is equipped with two antennas placed
12.5 cm from each other. These antennas can be
switched by AT86RF233 in order to reduce the
multipath or fading effect (so called “antenna
diversity”). Hence, for each anchor-rover distance
measurement a set of four distance – DQF pairs is
returned by the evaluation application (Fig. 5). The
signal used for distance measurement is strongly
affected by a multipath effect, especially in the
indoor environment. The idea of “antenna
diversity” is to analyse these four pairs of data in
order to select the one reflecting line-of-sight
propagation.

Fig. 2. Scheme of the equipment use in the experiment
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Fig. 3. Ranging procedure

In order to perform and validate some
measurements a test site was established. It consists
of four fixed points used to place anchors and a
reference point used to place rover (Fig. 6). The
coordinates of these points were obtained using
geodetic surveying techniques. The mean errors of
established point location were smaller than 1 cm.
The rover played the initiator role and each anchor
was a reflector.
4. PRELIMINARY RANGING AND
POSITIONING RESULTS
The preliminary results were calculated using a
sample of 300 observations to four anchors. Various
approaches to calculate position using trilateration
exists in the literature [26]. In this paper to calculate

the results a Kalman filter was used [3]. For
positioning the pair of antennas with best DQF
value was selected in each epoch. The selected
distance measurements used in this example are
depicted in Figure 6. The left side of this figure
depicts distances measured to four anchors. The
right side presents corresponding DQF values. It
can be observed, that there is a lot of outliers in
distances, which degrades the performance of
positioning. In position calculation DQF values
were used as weights.
The positioning results are depicted in Fig. 7.
Circles represents results from each consecutive
epoch. Single epoch position is contaminated with a
lot of noise, but mean position after 300 epochs is
very close to the reference position of the rover.

Fig. 4. The scheme of antenna diversity

Fig. 5. Ranging results

`
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Preliminary tests shows that ZigBee PMU
enabled device gives the opportunity to perform
ranging in a mesh ZigBee networks. Initial
accuracy estimation based on the preliminary
positioning results is in the range of tens of
centimetres. The results encourages for further
research on the performance, algorithms, multipath
rejection or antenna diversity.
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