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Abstract—Nowadays, as indoor localization is getting more 

popular, there is a growing need for reliable and accurate 

techniques of position determination. Recently, UWB 

(Ultrawideband) based systems are gaining popularity, since they 

make achieving positioning errors in the range of dozens of 

centimeters or even single centimeters, possible. The TDOA 

(Time Difference of Arrival) based systems are especially 

attractive because they allow for simplification of tags, which 

functionality can be limited to transmission of packets. However, 

one of TDOA based solution drawbacks is the need for strict 

synchronization between anchor nodes, which may be hard to 

realize in indoor environment. In the paper a method for 

simplifying synchronization in TDOA-based ultrawideband 

localization system is described. The method was experimentally 

verified. Obtained results are presented and discussed. 

Keywords—UWB, indoor localization, TDOA, synchronization 

I.  INTRODUCTION 

Nowadays indoor localization systems are getting a lot of 
attention, since there is a growing demand for indoor location-
based services (LBS). As indoor environment is quite tough for 
radio waves propagation, especially when they are intended to 
be used for localization purposes, a need for new, precise and 
accurate, localization techniques arises. 

There are many ways leading to estimation of indoor 
positions of tags, however systems based on propagation of 
radio waves are most popular. They do not share the limitation 
of vision- or ultrasound- based systems, which is the inability 
to propagate through walls [1]. Of course, through-wall 
propagation deteriorates radio waves as well, it leads to their 
attenuation and introduces delays, but it does not preclude them 
from use in positioning systems. Majority of localization 
systems uses measurements of received signal level, its time or 
angle of arrival to determine positions.  

Received Signal Strength (RSS) method is commonly used 
in WiFi or BLE (Bluetooth Low Energy) based systems [2][3]. 
However, it is prone to changes in radio propagation 
environment. 

Measurements of time are most commonly used in 
ultrawideband systems, the position is calculated based on 
TOA (Time of Arrival) or TDOA values. Systems utilizing 
those techniques offer good accuracy, the positioning errors are 
reaching dozens, or even single centimeters in favorable 
conditions. 

Generally, localization systems consist of localized tags, 
infrastructure comprised of fixed-positioned anchor nodes and 
a system controller. 

In most cases, time-measurement based localization 
techniques require some way of synchronization between 
anchor nodes. It can be done in various ways, either using 
wired connections between anchor nodes or wirelessly. 

Wireless synchronization can be achieved for example by 
using additional node placed in known position, transmitting 
synchronization signals [4][5]. Another approach involves 
organizing packet transmission scheme between anchors in a 
way which would allow synchronizing them [6]. 

However, those methods are mostly still in a research 
phase. Majority of commercially available systems utilize 
transmission of synchronization signals using cable-
connections between anchor nodes [7][8]. Such approach 
allows for better synchronization than wireless techniques. 
However, its huge drawback is a need to provide cable 
connection to all anchor nodes. This may be a tedious task in 
indoor environment, with lots of walls and obstacles. Apart 
from technical difficulties, there may be objection of potential 
end-users to allow for system being installed in their flats, as it 
may significantly alter it. 

Therefore, if cable synchronization is to be used, there is a 
need for simpler or less-intrusive way of providing it. 
Interesting solution was presented in [9]. Authors proposed a 
method where pairs of synchronized nodes were used for 
TDOA measurements. Anchor nodes acted as receivers and 
measured differences of times of arrival of signal to paired 
nodes. That way, synchronization is somehow distributed 
between the devices and the need to connect all devices is 
avoided. Authors presented both simulation and experimental 
results. A custom made, ultrawideband localization system was 
used for test purposes. 

The goal of the paper is to evaluate TDOA measurements 
using a pair of synchronized anchor nodes equipped with 
DW1000 chip, the commercial UWB transceiver [10]. 

The paper is organized as follows. In section II brief 
description of analyzed method is presented along with a short 
introduction to a DW1000 based module. Experimental results 
are shown in section III. Paper is concluded in section IV. 

The research leading to these results was partially funded by the National 

Centre for Research and Development under Grant Agreement 
AAL/Call2016/3/2017 (IONIS project). 
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Fig. 1. Architecture of the localization system 

II. TDOA SYNCHRONZATION METHOD 

A. Localization system and synchronization method description 

Architecture of ultrawideband localization system which 
utilizes analyzed wired synchronization method is presented in 
Fig. 1. It consists of localized tags, fixed infrastructure 
comprised of anchor nodes, which are connected in pairs and a 
system controller. System is multilateral, which means that tags 
act as UWB transmitters, anchor nodes are UWB receivers and 
tags’ positions are calculated in the system controller. There is 
a need for additional interface used to transmit measurement 
results from anchor nodes to the system controller – WiFi or 
BLE may be used. Since TDOA measurements are used, the 
tag is located on the intersection of three hyperbolas spanning 
between the tag and anchor nodes pairs. Those hyperbolas are 
marked with black lines in Fig. 1. 

Such approach to synchronization simplifies installation of 
the system, which is quite significant especially in household 
use. However, it has a slight disadvantage in comparison to 
other TDOA synchronization methods. Connecting nodes in 
pairs means that only TDOA values between those nodes can 
be measured. This takes away the flexibility of other TDOA-
based systems, where pairs of nodes may be dynamically 
adjusted in a way to provide best measurement data. 

B. DW1000 modules 

DW1000 modules integrates both analogue frontend and 
digital backend used for signal processing [11]. It’s radio 
interface complies with IEEE standard 802.15.4a [12] (later 
consolidated into and superseded by IEEE Standard 802.15.4-
2011 [13]). 

Among other features it allows for measurement of time of 
arrival of received signals with 15.65 ps resolution, which is of 
crucial role when it comes to TDOA measurement. 

What is important, in order for the module to work 
properly, external clock signal needs to be supplied and its 
choice may have significant impact on the performance of the 
measurements. This allows for distributing the same clock 
signal to two DW1000 equipped devices. 

 

Fig. 2. Period mesurement results comparison 

Precision of DW1000’s measurements was evaluated by 
measuring times of reception of continuously sent packets. 
Two receivers with different clock sources were used – one 
with standard crystal oscillator (XTAL) and one with 
Temperature Compensated Crystal Oscillator (TCXO). Results 
are shown in Fig. 2. 

Significant drift is present in results gathered by XTAL 
driven receiver, whereas in TCXO based design, results are 
quite concentrated. For the latter, standard deviation is equal to 
roughly 250 ps, which is acceptable. 

C. DW1000s’ internal counters synchronization 

In DW1000 modules, frame reception timestamp is read 
from 40-bit register, where LSB stands for 15.65 ps [11]. 
Obtained value comes from DW1000’s internal circuitry 
combining coarse timestamp with additional adjustments and is 
strictly tied to the system clock, generated using the earlier 
mentioned XTAL or TCXO and internal Phase Locked Loops 
(PLL). As PLLs and other internal circuits are enabled on 
power-on, generated system clock’s may differ between the 
two DW1000s. 

Time of arrival measurements performed in paired anchor 
nodes are illustrated in Fig. 3. At the moment of tag's packet 
transmission, the counter values in both nodes are equal to t10 
and t20 respectively. Counters states are different because of 
different times of applying power supply or delays in internal 
chip's initialization processes. That difference is equal to: 

 ∆�������� 		 ���  ��� (1)

After propagation times tp1 and tp2 the packet reaches RX1 
and RX2 receivers measured times of arrivals correspond to 
counter values t11 and t21.  
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Fig. 3. Timing scheme 

Value ∆tp is the measured difference between propagation 
times. According to Fig. 3 following equation can be written: 

 ∆�� 	 ���  ��� 	 ����  ����  ����  ����		 (2)

It can be rewritten as: 

 ∆�� 	 ����  ����  ∆�������� 		 (4)

Values t21 and t11 are known, since those are timestamps of 
received packets. However, values t20 and t10 are unknown, 
because the transmitter is not synchronized with receivers, and 
it is impossible to know state of receivers’ system counters at 
the moment of packet transmission. Fortunately, difference 
t20 – t10 is constant and can be easily obtained from results of 
measurements of the signal transmitted by the tag located at 
known position. 

III. EXPERIMENTAL RESULTS 

The proposed TDOA determination method was 
experimentally investigated. The test setup is presented in 
Fig. 4. Tests were carried out in empty classroom of size 6 by 6 
meters equipped with tables and chairs.  

 

Fig. 4. Test setup 

 

Two synchronized anchor nodes were placed next to each 
other at the distance L at the same height, equal to 1.65 m. Both 
nodes were connected with a cable used for reference TCXO 
clock sharing. Measurement results were transferred to the PC 
over USB interfaces. 

Two sets of measurements were carried out, for two 
different distances (L) between the nodes.  

The tag was placed in 9 different positions at the height of 
1.3 m. At each location around 1200 TDOA measurements 
were performed. First measurement was done in such position 
that propagation times to both receivers was the same and 
therefore TDOA value was equal to 0 s. This measurement, 
referred as reference measurement (P0), was used to calculate 
∆tcOffset. 

A. Test results 

Empirical CDFs (Cumulative Distribution Function) of 
measured TDOAs errors are presented in Fig. 5 and Fig. 6 for 
the distances between anchors equal to 0.93 m and 2.18 m 
respectively. 

The observable “step changes” visible on the presented 
figures are caused by the DW1000 counter's resolution of 
15.65 ps. 

Comparing the figures, it can be seen, that in overall TDOA 
measurements are better for the separation between receivers 
equal to 0.93 m, which is surprising. 

It is mainly caused by the dependence of time of arrival 
measurement on the signal level. Therefore, errors 
corresponding to larger distance between anchor nodes are 
bigger especially for test points close to side walls. Another 
factor influencing the results are antennas radiation patterns. 
Omnidirectional monopole UWB antennas used in anchors and 
the tag have a few dB pattern variations.  

  

Fig. 5. CDF for TDOA mesurements errors for distance between receivers 

equal to 0.93 m 

TX

RX1

RX2

tp1

↑ 

↓ 

↓ 
tp2

∆tp

t10

t20

t11

t21

t

t

t

RX2 POWER 

ON

RX1 POWER 

ON

∆tcOffset

C
D

F

61

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24



 

Fig. 6. CDF for TDOA mesurements errors for distance between receivers 

equal to 2.18 m 

Measured TDOAs may be also used to roughly estimate 
angles of signal arrivals. Difference of paths travelled to 
receivers can be easily calculated from measured TDOAs. 
Knowing the separation between receivers, angle of arrival 
may be calculated as follows: 

 Θ 	 arcsin �∆��� � (5)

Where θ is measured angle, ∆dp is calculated difference of 
travelled paths and L is separation. Since positions of test 
points are known, errors between estimated angles and their 
theoretical values can be calculated. Mean errors of estimated 
angles for both sets of measurements are presented in Table 1. 

TABLE I.  MEAN ERRORS OF ESTIMATED ANGLES  

Test point L = 0.93 m L = 2.18 m 

P2 1,27° -1,74° 

P3 -0,91° 3,12° 

P4 3,67° -0,94° 

P5 2,34° 5,99° 

P6 -3,77° -1,27° 

P7 -0,56° 0,51° 

P8 -0,28° -1,20° 

P9 -1,35° 1,03° 

 

Errors are quite similar for both separation values, but 
slightly higher maximal error value may be observed for 
L = 2.18 m. Errors are not higher that 6°. Achieved accuracy 
may not be sufficient for localization purposes, but estimated 
values may be potentially used as supplementary data, e.g. for 
NLOS conditions detection. 

Tests were performed in LOS conditions and no multipath 
issued were observed. Basically, UWB technique is pretty 

immune to those, however a significant error in TDOA 
measurements may arise in case of NLOS conditions, when 
measurements are carried out on reflected signals, not direct 
ones. 

IV. CONCLUSION 

In the paper the wired method for devices’ synchronization 
based on the connected pairs of anchor nodes equipped with 
DW1000 modules is evaluated. A brief explanation of method 
is presented. 

Results of performed experiments show, that the proposed 
method is promising and should be further investigated. 
TDOAs are measured with errors smaller than 1 ns for 90% of 
cases. Additional tests with more anchor nodes and calculation 
of tag’s position should be done to see how it works in a real-
life localization system. 

Also, it has been shown, that based on TDOA 
measurements a rough estimation of angle of signal’s arrival 
may be done, which can be used to increase localization 
system’s performance in rough propagation conditions. 
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