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Abstract—The demand for precise indoor positioning is in-
creasing nowadays, since traditional methods, like GPS, cannot
be used in indoor environments. Lots of technologies exist that
can be used for such purposes, having their own advantages
and disadvantages when it comes to positioning. However, it
seems that UWB is the most favorable, having the possibility to
achieve the best accuracy due to its spectral features. Although,
in the past years several companies appeared as a UWB chip
and antenna manufacturer providing out-of-the-box solutions,
most of them only have chips or demonstration kits to purchase.
The paper shows the development and testing of an UWB indoor
positioning system using commercially available hardware and
specific software elements in order to allow flexibility required
for research purposes.

Index Terms—UWB, indoor positioning, ToF, SDS-TWR

I. INTRODUCTION

The paper documents the development of an Ultra-
WideBand (UWB) based indoor positioning system [1]. The
positioning system’s goal is to be able to localize the posi-
tion of a device, usually attached to a moving object such
as unmanned aerial vehicles (UAV) or autonomous ground
vehicles, and also widely used in areas of robotics, Industry
4.0 or other location-based services. The need for knowing
the exact position of a moving object is not new; the Global
Positioning System (GPS) has existed for 40 years and it can
provide a precise location at almost any point on the Earth
[2]. But when it comes to indoor positioning, the GPS is not
applicable because of the attenuation of the received signal
strength. Therefore, other technologies have to be applied.

Several technologies can be used in indoor environments,
like vision or radio based systems. Although vision based
systems can achieve sub-millimeter accuracy, they cannot be
used under visually limited conditions. On the other hand,
radio based solutions can be used in any visual conditions,
and can provide centimeter to millimeter accurate position.
Among radio technologies, UWB technology has the ad-
vantage of high data rate at low power consumption [3].
According to the Federal Communications Commission and
International Telecommunication Union Radio communica-
tion Sector (ITU-R), UWB is a radio technology that has a
bandwidth greater than 500 MHz or covering more spectrum
than 20 % of its carrier frequency [4]. Because of the wide
spectrum, in time domain it has very narrow pulses, which
is ideal for measuring propagation time between nodes.

In the terminology of UWB, tag refers to the device which
has an unknown position and has to be localized. For this
purpose it is recommended to use at least 4 anchors, which
are devices installed in a fix and known position [1]. Many
approaches are available in the literature to calculate the

tag’s position using Time Difference of Arrival (TDoA) [5],
or Time Sum of Arrival (TSoA) [6], for instance. These
methods require precise synchronization of the anchors’ clock
[7], [8]. One can also use instead the Time of Flight (ToF)
with Symmetrical Double-Sided Two-Way Ranging (SDS-
TWR) communication scheme [9], which does not require
any clock synchronization. Double Two-Way Ranging (D-
TWR) method [10], [11] is also an alternative solution, which
can give faster measurements than the SDS-TWR.

The ToF method provides distances from the anchors to
the tag. The next step is to calculate the tag’s position
from the distances and the known anchor positions and
there are three main approaches to do it [12]. The first
main group are the statistical methods, based on a certain
hypothesis about the measurements and the position of the
tag. These information are related with a probabilistic model
and linear approximations or iterative numerical methods are
applied for obtaining the position [13]. These techniques
can provide an optimal estimation of the position. However,
the solution can not be expressed in a closed form (i.e.
iterative numerical methods are needed) and a previous (a
priori) estimation of the position is also required. Algebraic
methods form the second group, based on the equations
relating the devices’ positions with the distances [14]. In
contrast with the statistical methods, these approaches do
not require any previous estimations of the position and
have a predetermined execution time, hence can be used
in real-time applications. However, it is the easiest to solve
the problem with the numerical methods, which is the third
main class for computing position [15]. The main advantage
of numerical methods is that only a relation between the
unknown parameters and the measurements is needed. The
solution is usually obtained through a nonlinear optimization,
mostly by minimizing a cost function. Numerous solvers exist
to solve this problem, therefore these methods are the easiest
to implement.

The paper’s goal is to provide a detailed guideline on
the development of an UWB indoor positioning system,
presenting the hardware, software and mathematical aspects
of the system. First the system components are introduced in
Section II. A detailed explanation on the system properties,
like communication scheme and position calculation, can be
found in Section III. Considerations on the variance of the
measurements are also taken into account in the same section.
It is a major problem how to place the anchors and measure
the positions of the installed anchors, which are presented in
Section IV. Lastly, the system validation can be found in V.



II. SYSTEM COMPONENTS

The section describes the hardware and software compo-
nents of the system, with the overall setup depicted in Figure
1.

Fig. 1. The setup of the proposed system

A. Hardware Elements
The tag and anchor devices consist of two main parts

as seen in Figure 2. An STM32 Nucleo-64 microcontroller
is used as the main chip, while the UWB communication
is performed via a DWM100 module by DecaWave [16].
The main chip implements a state machine that drives the
DWM1000 module to perform the SDS-TWR method (see
Section III-A).

Fig. 2. The used board and UWB chip

B. Software Elements
There are two independent subsystems in the proposed

system (see Figure 1). First, a C-based program runs on the
anchors and on the tag which is responsible for the distance
measurements. Second, the calculation of the position is
performed on a PC and its code is written in Python.

a) Microcontroller Software: Initially the DWM1000
chip was supplied with a base code from the manufacturer.
This basic firmware implements a state machine and an SPI
based communication with the chip. Porting to the used mi-
crocontroller and minor modifications were necessary, since
the usage of another microcontroller. Therefore, the pinout
of the chip has been changed, in order to make a connection
between the microcontroller and the DWM1000 chip. Also,
the LCD display, additional LEDs and DIP switches had to
fit on the board outputs.

The listener device has a special role in the system
configuration (see Figure 1): it only listens to the messages,

Fig. 3. Changing the pinout of the microcontroller

reads the measured distances and sends them to the PC via
serial communication. For the firmware of this device, the
base code was used, which was given with the DWM1000
chip, but some modifications were necessary, consisting of
modifying the state machine that drives the DWM1000 chip
and creating a serial communication for periodical sending
and reading of distance messages.

b) PC Software: A Python script, running on the PC,
directly connected to the listener device, is responsible for
the position calculation. The corresponding Python script
is a threaded code, i.e. it seeks for new messages on a
specific serial port on a thread. When new measurements are
available, the calculation of the position is executed, which
also has its own thread.

The position calculation is done via a numerical method
by minimizing a properly defined cost function (see Section
III-D). The function receives the distance measurements and
the tag’s position is obtained by applying the Scipy library’s
minimize function [17].

III. SYSTEM PROPERTIES

Several considerations have to be taken to achieve proper
positioning accuracy with the given hardware and software
configuration, hereinafter we discuss these main points and
their role in the positioning process.

A. Communication scheme
Several methods exist in the literature for determining

position [12]. Time Difference of Arrival (TDoA) [5] based
approaches use the time differences between the tag-to-
anchor receive times. This is then converted into distance
differences representing hyperboles; their intersection gives
the tag’s position.

Time Sum of Arrival (TSoA) method is based on reflection
of the signal. It measures the time it takes the signal to go
from one anchor, reflect on the tag and finally be received on
another anchor. This time can be converted into distance that
is a sum of two tag-to-anchor distances. The sum of distances
represents an ellipse with the two anchors in the focus points
[6].

The above methods require a very precise synchroniza-
tion of the devices’ clock. To overcome this demanding
requirement, the Time of Flight (ToF) techniques have been
proposed [9], based on the simple fact that time between two
points can be converted into distance if the propagation speed
is known.

Accordingly, in the underlying configuration we have se-
lected the ToF based techniques for the distance computation.
However, there are various methods within the ToF based



framework: One Way, Two Way and Double-Sided Two Way
Ranging.

One Way Ranging (OWR) method contains only a single
message between the tag and the anchor (see Figure 4) and
computes the time of flight as the difference between the
transmission (tA) and reception (tB) times:

tTOF = tB − tA. (1)

OWR based methods still require clock synchronization,

Fig. 4. OWR propagation time measurement

which is eliminated by the Two Way Ranging (TWR) meth-
ods, illustrated in Figure 5.

Fig. 5. TWR propagation time measurement

The problem of clock synchronization is solved by adding
a second message coming from the anchor to the tag. In the
TWR tresp and tdelay are measured independently on each
device and the tTOF can be calculated as:

tTOF =
tresp − tdelay

2
. (2)

The main drawback of this method is that it is half as fast as
the OWR. Moreover, if the time measurements are inaccurate
(i.e. there is a clock offset), then the speed of time passage
differs and consequently a linearly increasing error appears in
the measurement. The Symmetrical Double-Sided Two Way
Ranging intends to overcome this problem [9].

This method consists of three messages: tag-to-anchor,
anchor-to-tag and tag-to-anchor as seen in Figure 6. The error,
caused by the clock offset, is reduced by introducing a second
TWR scheme, with one of them reversed and one common

Fig. 6. SDS-TWR propagation time measurement

message in the middle (see Figure 6). Accordingly, the time
of flight can be calculated using the four measured times as:

tTOF =
trespAtrespB − tdelayAtdelayB

trespA + trespB + tdelayA + tdelayB
[18] (3)

Using these arguments we have selected a ToF based
SDS-TWR method for computing the distances between the
anchors and the tag. The next arising question is related to
the variance of these measurements, which is discussed in
the forthcoming sequel.

B. Variance of the distance measurements
UWB signals propagate with the speed of light, therefore

a highly accurate transmission- and reception-time measure-
ments is necessary. To illustrate the importance of this, note
that a 100 ps error in the time measurement can cause a 3 cm
deviation in the distance. Since perfect time measurement
is not possible, the time-of-flight measurements inherits this
uncertainty, which can be captured by simple probabilistic
models. More precisely if one analyzes the recorded mea-
surements, then it can be seen that they follow a Gaussian
distribution (see Figure 7), where the true distance appears as
the mean. In order to reduce this measuring uncertainty and

Fig. 7. Variance in the measurements. (+: real, line: matched Gaussian)

increase their reliability, additional actions can be introduced.
The simplest solution for this problem is the Moving Average
(MA) method, which takes the arithmetic mean of the last
n measurements. The closer are the measurements to each



other in time, the more accurate the approximation will be,
therefore this method is useful with more frequent distance
updates than necessary.

If the dynamics of the tag is unknown, other more ad-
vanced techniques can be applied, such as the Wiener filter,
which is a minimum mean square error (MMSE) estimator.
However, if some dynamics is given, the popular Kalman
filter [19] can be employed.

C. Kalman Filter
Kalman filter is a linear quadratic estimator, which gives

an optimal estimation of a system’s state using the system’s
dynamics and noisy measurements. One can also use Kalman
filter when no known dynamics are at hand by assuming
constant state and modelling it with a random walk process.
Here linear time-invariant dynamics are assumed:

xk = Axk−1 +Buk−1 + wk−1, (4)

with an also linear observation equation

zk = Hxk + vk−1. (5)

xk, uk and zk are the respective state-, input and output
vectors at the discrete-time step k, while wk and vk are
the process and measurement noise with normal probability
distributions. They are assumed to be independent with
expected value at zero and known covariance matrices Q and
R, respectively.

The implementation of the Kalman filter can be split into
two parts. The first step is the time update, where the state
evolution is predicted one step further using the dynamics:

x̂−
k = Ax̂k−1 +Buk−1

P−
k = APk−1A

T +Q
(6)

where Pk denotes the covariance of the state estimation error.
In the second part, called measurement update, the pre-

dicted state (x̂−
k ) is corrected with the available measurements

information through the Kalman gain Kk:

Kk = P−
k HT (HP−

k HT +R)−1

x̂k = x̂−
k +Kk(zk −Hx̂−

k )

Pk = (I −KkH)P−
k

(7)

Figure 8 illustrates the effect of the Kalman filter applied
on the raw distance measurements of the UWB system.
Clearly, the filter narrows the Gaussian distribution and
decreases the variance, i.e. a more accurate positioning can
be achieved.

Fig. 8. The Kalman filter’s effect on the measurements. (black: real, red:
Kalman filtered)

The method has the advantage to cope with the specific
dynamics of the tag, whenever it is available. For example
the non-linear dynamics of a quad-copter can be incorporated
in the same framework by using locally linearized matrices
around the actual state estimation x̂k, which approach is
widely known as Extended Kalman Filter and currently under
implementation in our research laboratory.

D. Position calculation method
Once an accurate distance calculation is carried out by

using the described ToF based SDS-TWR method in com-
bination with the Kalman filtering, the next step is to use
these information for computing the position of the tag in a
coordinate frame.

For this the anchors’ positions (e.g. in 3D coordinates) and
the tag’s distance from the anchors are available. At least four
anchors required to get an unequivocal solution for the posi-
tion of the tag in 3 dimensions. Three main approaches exist
to calculate the position: statistical, algebraic and numerical.

Statistical methods are based on hypothesis about the mea-
surements and on the position of the tag and a probabilistic
model which relates these. Due to the nonlinear nature of
the problem linear approximations and iterative numerical
methods are employed requiring an a priori estimation of
the solution to minimize the computation time. The statistical
approaches usually classified as open form solvers, providing
optimal estimation in case a proper probabilistic model is
available [12].

Algebraic methods are based on equations that relates the
devices’ positions to the distances. These algorithms have the
simplest form of models, not requiring a priori information
and having a predetermined execution time. The generic
equation for these models is the following:

Ax+By + Cz = D (8)

where (x, y, z) is the position of the tag, and A, B, C and
D parameters determined by the algorithm (e.g. Pythagorean
equations) [12]. Although the algebraic medthods are easy to
solve they do not provide an optimal solution.

The third class of algorithms is formed by the numerical
methods, which is particularly appealing due to the availabil-
ity of numerous efficient solvers. Here, we present a simple
idea that can be applied easily in the proposed setup, i.e. to
minimize a pre-defined cost function:

c(x, y, z) =

N∑
i=1

((x− xi)
2 + (y − yi)

2 + (z − zi)
2 − d2i )

2,

(9)

clearly, this takes its minimum in the idealistic case when the
tag’s position vector fits completely to the measured distances
(di) from the anchors (whose coordinates are denoted by the
lower index i). Formally, the position vector p̂ is obtained
through:

p̂ = argmin
x,y,z

c(x, y, z), (10)

providing optimal solution in realistic setups. This simple op-
timization based method can be easily implemented through
the many available efficient numerical solvers. Alternatively,
iterative least square solutions are also applied in positioning
problems [20].



In order to use the numerical method proposed and out-
lined above, one needs the coordinates of the anchors, which
in fact has a major impact on the problem at hand.

IV. ANCHOR PLACEMENT AND CALIBRATION

The placement of the anchors significantly influences the
accuracy of the position estimation. In order to determine
their location, first, simulations were conducted, where the
motion of the tag was simulated in a virtual environment
and initially all anchors were placed in the same horizontal
plane. By analyzing the distribution of the position error this
initial arrangement has been modified in several steps, by
moving the position of one anchor in each step and evaluate
its effect on the accuracy. The final configuration was found
to be a tetrahedron, which was then used in the laboratory
for installing the anchors.

Fig. 9. Anchor positions and the coordinate system choice

When implementing the position estimation in the real
environment, a coordinate system has to be chosen. In
addition, the locations of the anchors also have to be known
and determined in the chosen coordinate frame. According
to the best of the knowledge of the authors, no system-
atic methodology is reported for the initial calibration of
ToF based UWB positioning system. Therefore, in order to
minimize the number of unknown coordinates the following
considerations have been made. First, one can fix the origin of
the coordinate system’s at the position of one of the anchors
(location (0, 0, 0)). Then, the orientation of the coordinate
frame can be selected in a way that the x axis points towards
an other anchor, which consequently nulls out the y and z
coordinates of the location for the second anchor (x1, 0, 0).
The following step is to rotate the coordinate frame around
the x axis in such a way that the third anchor lays in the
x− y plane, i.e. the z coordinate of the third anchor is zero
((x2, y2, 0)). In this coordinate frame the fourth anchor is
represented by three coordinates: (x3, y3, z3). Following this
procedure it is possible to reduce the number of unknown
positions from 12 to 6. For computing these parameters 6
distance measurements are available and the procedure can
be done sequentially using simple geometric considerations.

For this purpose the anchors have been coded to take
themselves the measurements between each other. In order
to capture all the 6 distances, 3 modified SDS-TWR were
performed. In the first phase (see Figure 10), anchor 0 sends
a poll message, then anchor 1, 2 and 3 respond with 3
messages. After all the responses arrived at anchor 0, the

final message transmitted, and the phase is done when the
last message is received by all the anchors. The first phase

Fig. 10. The first phase of the initial calibration

determines 3 distances out of the 6: the distances between
anchor 0 and the other three. The next phase is started by
anchor 1, which sends a poll message to anchor 2 and anchor
3, to which they respond with 2 response messages (see
Figure 11). After anchor 1 received all the responses, the
final message is sent, and when anchor 2 and 3 receive this
message the second phase is finished. With the second phase,

Fig. 11. The second phase of the initial calibration

another 2 distances are known, namely between anchor 1 and
2, and anchor 1 and 3. In the third phase, the last distance
is measured between the anchor 2 and 3 (Figure 12). When

Fig. 12. The third phase of the initial calibration

anchor 3 receives the anchor 2’s final message, the third phase
has been completed.

Note that due to the variance in the distance measure-
ments, each phase has to be repeated until the average of
each measurement of distances change significantly. If the
average remains almost the same, we can stop, and the initial
calibration is done.



V. VALIDATION

To evaluate a proposed method a simple validation has
been performed in simulation and in the real environment as
well.

Firstly, simulation-based validation was performed. The
distances were generated from known positions and a Gaus-
sian noise was added to them. After that, a cost function
optimization was executed and the resulting position was
compared to the real position. The tag was simulated to
move along a spiral trajectory from the bottom till the top
of the room. The average error was found to be 3.09 cm
with standard deviation of 1.29 cm. In the next step, real-
world testing was performed. Because no reference system
was available (for comparison) the tag was placed in four
positions, knowing the distance between each of the points.
Then the positions at every point has been estimated by
the positioning system and the corresponding distances were
derived between the measured positions. These distances can
be then compared to the real distances between the locations.
Table V shows the numerical comparison, where the average
error was 3.76 cm.

Real distance [cm] Measured distance [cm] |Error| [cm]
48.49 52.5 4.01
55.46 52.5 2.96

110.24 113.5 3.26
108.68 113.5 4.82

TABLE I
COMPARISON OF MEASURED AND ESTIMATED DISTANCES

VI. CONCLUSION

In this paper, the architecture of an indoor positioning
system has been presented. There are two main software
elements of the system which have to be suited for the
purpose of the system. Considerations have been presented
on selecting the communication scheme and the position
calculation method. The distribution of the measurements has
a non-neglectable deviation, therefore accuracy increasing
methods are applied, such as averaging or using Kalman filter
if a dynamics is available. A simple numerical optimization
based position estimating scheme has also been outlined
in the paper. Then, an iterative anchor placement has been
proposed based on simulation results. The test of the system
has been done by distance measurements, showing a 3.76 cm
accuracy.

Future work should be done on some fine-tuning on the
parameters in the system, in order to get the best results
in the positioning. The implemented method was the SDS-
TWR, but other techniques can be examined, e.g. TDoA or
D-TWR.
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