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Error Corrections for Ultrawideband Ranging
Juri Sidorenko , Volker Schatz , Norbert Scherer-Negenborn , Michael Arens ,

and Urs Hugentobler

Abstract— Precise indoor localization is a major challenge in
the field of localization. In this article, we investigate multiple
error corrections for the ultrawideband (UWB) technology,
in particular the DecaWave DW1000 transceiver. Both the
time-of-arrival (TOA) and the time-difference-of-arrival (TDOA)
methods are considered. Various clock-drift correction methods
for TOA from the literature are reviewed and compared exper-
imentally. The best performing method is extended to TDOA,
corrections for the signal power dependence and the hardware
delay are added, and two additional enhancements suggested.
These are compared with each other and TOA in positioning
experiments.

Index Terms— DecaWave, time difference of arrival (TDOA),
time of arrival (TOA), two-way ranging (TWR), ultrawideband
(UWB).

NOMENCLATURE

ADS-TWR Asymmetric double-sided TWR.

AltDS-TWR Alternative double-sided TWR.

BS Base station.

CCSS-TWR CFO-corrected TWR.

CFO Carrier frequency offset.

ID Identification number.

PLL Phase-locked loop.

RF Radio frequency.

SDS-TWR Symmetric double-sided TWR.

SMD Surface-mounted device.

SS-TWR Single-sided TWR.

TDOA Time difference of arrival.

TOA Time of arrival.
TWR Two-way ranging.
UWB Ultrawideband.
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I. INTRODUCTION

LOCALIZATION systems have become indispensable in
everyday life. Satellite navigation [1], [2] has replaced

article maps and is now essential for self-driving cars.
As the requirements of logistics and manufacturing processes
increase, access to precise positional information is becoming
a necessity. Depending on the operating conditions for the
localization application, different measurement principles [3]–
[5] and techniques [6]–[8] are available. Two of the most
common measurement techniques are based on the TOA [6]
and the TDOA [7]. TOA calculates the distance between
two stations from the signal traveling time, whereas TDOA
considers the travel time differences between the stations. The
measuring equipment is just as important as the measurement
technique itself. This article focuses on indoor RF-based local-
ization systems. In general, indoor positioning applications
are a challenge for RF-based localization systems. Reflections
can generate interference with the main signal and lead to
fading. Compared with narrowband signals, UWB signals are
more robust against fading [9], [10]. The DecaWave trans-
ceiver [11] uses UWB technology and is compliant with the
IEEE802.15.4-2011 standard [12]. It supports six frequency
bands with the center frequencies from 3.5 to 6.5 GHz and
data rates of up to 6.8 Mb/s. Depending on the selected center
frequency, the bandwidth ranges from 500 to 1000 MHz.
The precision and accuracy of the DecaWave UWB depend
primarily on three factors: the clock drift, the received signal
power, and hardware delay.

In the first part of this article, it is shown which TWR
protocol is most suitable for correcting the effect of the clock
drift. The results are then verified by experiments with the
DecaWave UWB system.

Section II deals with the extension of the best TWR protocol
for the TDOA application. In [13], it was shown how the signal
power correction curve can be obtained automatically for every
station individually. In the present publication, we demonstrate
how to apply these corrections for TOA and TDOA local-
ization. Section VI describes how a synchronization signal
from the reference station can be used to perform a range
measurement between the reference station and a tag for
every TDOA position estimation. This information increases
the number of equations and also allows us to estimate the
time offset between the reference station and the tag. Table I
presents the notations used in this article.

A. Contribution
In this article, we review the most common TWR protocols

and present their residual error. Section II deals with the
evaluation of these protocols by practical experiments. The
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Fig. 1. TWR in theory.

TABLE I

NOTATIONS USED

best TWR protocol is extended by the ability to use the
signal power and hardware delay correction for every station
individually. In previous works, it was only possible to use the
signal power correction for two stations after the ranging.

The second part of this article combines the findings from
the TWR part to create a robust TDOA approach. We succes-
sively present our own TDOA solution; it has an additional
range measurement and does not require computation of
the unknown time offset between the reference station and
the tag.

II. TOA MEASUREMENT TECHNIQUE

The TOA measurement technique provides the distance
between two stations from the signal traveling time. In a one-

way-ranging application, it is necessary that both stations are
time synchronous. This condition can be bypassed if TWR
is used instead. Fig. 1 shows the concept of TWR between
two stations, with two and three messages. The initial station,
also called the reference station, emits a signal at the local
time T R

1 . The second station, named tag, receives the signal
at its local time T T

1 and sends a response at its time T T
2 back

to the reference station. The double time of flight can now
be obtained by subtracting the delay of the second station
�T T

1,2 = (T T
2 − T T

1 ) from the transmitting and receiving
time difference of the reference station �T R

1,2 = (T R
2 − T R

1 ).
Equation (1) shows the time of flight provided by the ideal
TWR protocol

TOF = 0.5· (�T R
1,2 − �T T

1,2

)
. (1)

In practice, the frequencies of the crystals are not identical,
and small imperfections lead to the clock of one station
operating faster or slower than the other. Since the TWR
and the hardware become more commonly used, different
approaches have been proposed to deal with the clock drift.
Some of them, such as SS-TWR and CCSS-TWR, use two
messages, whereas others require a third message, as shown
in Fig. 1. In this section, the most common clock drift cor-
rection methods are analyzed in detail. We use the term clock
drift error to refer to the integral of the clock drift. This error
appears as the result of the clock drift and increases over time.
We define that eR and eT denote the clock frequency offset
of the reference station and tag, respectively. In the following,
it is assumed that the frequency drift is constant during the
ranging.

A. Single-Sided Two-Way Ranging

The SS-TWR protocol is the basic protocol without the
clock drift correction. Hence, the time of flight is shown in
the following equation:

TSS = 0.5· (�T R
1,2 − �T T

1,2

)
. (2)
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The time of flight with the frequency offsets is presented in
the following equation:

T̂SS = 0.5· (�T R
1,2(1 + eR) − �T T

1,2(1 + eT )
)
. (3)

The residual error εSS = T̂SS − TSS is the error caused by
the frequency offset. Equation (4) states that the residual error
depends mainly on the response time of the tag, �T T

1,2. Even
if the clock difference is just few parts per million (ppm)
are delays �T T

1,2 in order of some milliseconds long, hence
the multiplication leads to a significant impact on the range
estimation. The clock drift error caused by the time of flight
TSS can be neglected, due to the short-range limitations of the
UWB system

εSS = TSSeR + 0.5· �T T
1,2· (eR − eT ). (4)

B. CFO-(Corrected Single-Sided Two-Way Ranging)

Minimization of the residual error can be achieved by
reducing the response time �T T

1,2 and using precise crystals.
However, due to the real-life limitation, this is not always
possible. In [17], a so-called CFO SS-TWR protocol was
presented. It used the integrator of the PLL to obtain the clock
drift difference between two DecaWave UWB transceivers.
The information provided by the integrator of the PLL allows
us to compensate for the effect of the clock drift during the
message exchange. The residual error is computed as follows:

εCCSS = TCCSS· eR. (5)

The residual error is now independent of the response time,
and only the time of flight TCCSS is the limiting factor. This
technique is widely used in the community [18]–[20]. The
reason why we will not use this method later on is that in
[13], we showed that the integrator of the PLL depends on the
signal power and therefore introduces additional inaccuracies.

C. Symmetric Double-Sided Two-Way Ranging

The SDS-TWR protocol [21] is part of the 802.15.4a
standard. It was also introduced to minimize the errors due
to crystal imperfections. In contrast to the previously pre-
sented CCSS-TWR method, three messages are now required,
as shown in Fig. 1. With �T R

2,3 = (T R
3 − T R

2 ) and �T T
2,3 =

(T T
3 − T T

2 ), the time of flight with the SDS-TWR protocol is
obtained by the following equation:

TSDS = 0.25· (�T R
1,2 − �T T

1,2 + �T T
2,3 − �T R

2,3

)
. (6)

The time of flight with the frequency offsets is shown in
the following equation:

T̂SDS = 0.25· (�T R
1,2 − �T R

2,3

)
(1 + eR)

+0.25· (�T T
2,3 − �T T

1,2

)
(1 + eT ). (7)

The residual error for the SDS-TWR is obtained analo-
gously to SS-TWR, εSDS = T̂SDS − TSDS. This leads to (8)

εSDS = 0.5· TSDS(eR + eT )

+0.25· (�T T
1,2 − �T R

2,3

)· (eR − eT ). (8)

Fig. 2. Experimental setup of two DecaWave EVK1000 transceivers.

Again, it is possible to neglect the error caused by the
time of flight. Therefore, the residual error of the SDS-
TWR protocol depends mainly on the difference between
the response time �T T

1,2 and �T R
2,3. In contrast to the

CCSS-TWR protocol, the information about the clock drift
is not used to correct the ranging, and it is more of an
averaging.

D. Asymmetric Double-Sided Two-Way Ranging

The ADS-TWR protocol [22] is also often used in the field
of localization. In general, it is an SDS-TWR protocol with
the additional constraint that the response time �T R

2,3 is zero.
This can be only achieved if the reference station sends the
ranging message back to the tag instantly. The residual error
is shown in the following equation:

εADS = 0.5· TADS(eR + eT ) + 0.25· (�T T
1,2

)· (eR − eT ). (9)

E. Alternative Double-Sided Two-Way Ranging (AltDS-TWR)

The AltDS-TWR protocol [23] uses the fact that the time
differences of the first and last message should be the same
for the transmitter and for the receiver �T T

1,3(1 + eT ) =
�T R

1,3(1 + eR). The deviation between both time differences
represents the clock drift error. This error can be linearly
interpolated to correct the time difference �T T

1,2. The time
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of flight for the AltDS-TWR protocol is presented in the
following equation:

TAltDS = �T R
1,2 · �T T

2,3 − �T T
1,2 · �T R

2,3

2
(
�T T

2,3 + �T T
1,2

) . (10)

The time of flight with the frequency offsets is presented in
in the following equation:

T̂AltDS = (1 + eR)
�T R

1,2 · �T T
2,3 − �T T

1,2 · �T R
2,3

2
(
�T T

2,3 + �T T
1,2

) . (11)

The residual error for the AltDS-TWR with εAltDS =
T̂AltDS − TAltDS equates

εAltDS = eR TAltDS. (12)

The remaining error depends, equivalently to the CCSS-
TWR protocol, on the time of flight. In some publications,
the AltDS-TWR distance is presented as in (13). It should be
noted that this equation applies only if �T T

1,3 = �T R
1,3, which

means without clock drift between the stations

TAltDS = �T R
1,2 · �T T

2,3 − �T T
1,2 · �T R

2,3(
�T R

1,2 + �T T
2,3 + �T T

1,2 + �T R
2,3

) . (13)

III. EXPERIMENTAL RESULTS: TWO-WAY RANGING

In this section, the previously introduced residual errors due
to clock drift between two stations are verified by practical
measurements. The experimental setup is presented in Fig. 2.
In each of the presented variants, the distance between stations
was 1.5 m, with a measuring time of 30 min. The filtered
values are, if not otherwise mentioned, using a moving average
filter with a filter size of 500 measurements and an update
rate of 25 measurements per second. This size was selected
to remove the noise but preserve variations from the scale of
a few milliseconds. It should be noted that the best result
is a straight line, which means that the measured distance
between the stations is always the same. The difference
between the measurement and the expected 1.5 m is irrelevant
for evaluating the clock drift correction, and it is just important
that this offset is constant. In experiment, one and two are the
results of the different ranging protocols based on the same
measurement.

The ADS-TWR is not part of the upcoming plots since
a zero response time is not feasible with our setup where
response transmissions are triggered with a microcontroller
external to the wireless transceiver. Even with the minimum
possible response time, the distance determined with
ADS-TWR is orders of magnitude larger than in reality.1

However, we investigate the influence of the response time
in Section III-A.

A. First TWR Experiment: TWR With Different Ranging
Protocols

In this experiment, the response times of both stations were
set to be as close to each other as possible: T T

1,2 = 1.5566 ms

1The method used by the DW1000 firmware is misidentified as ADS-TWR
in the TWR application note APS013 version 2.3 although it is in fact AltDS-
TWR. This can be seen by comparison with [23, eq. (17)].

and T R
2,3 = 1.5530 ms. In Fig. 3, the results of the different

TWR protocols are presented. It can be observed that the
uncorrected SS-TWR has the highest change in distance over
time. This curve is the warm-up process of the system [15].
The difference between the SDS-TWR and AltDS-TWR is on
average 0.2331 mm. The results of the SDS-TWR are hidden
by the AltDS-TWR. This changes for the next experiment.

B. Second TWR Experiment: Dependence on the Response
Time

In this experiment, the response delay T T
1,2 = 1.5566 ms

is multiplied by an increasing factor over the time. The
factor increase began after 1 h to reduce the warm-up effect.
Afterward, the factor is increased by 0.2 after 1000 mea-
surements. The response delay T R

2,3 = 1.5530 ms remains the
same. In Fig. 4, the results of this experiment are presented.
Fig. 4 (left) shows the raw distance measurements provided
by the different ranging protocols. It can be observed that
the noise of the CCSS-TWR case is rapidly increasing with
a growing delay time. Moreover, the distance measurement
of the SDS-TWR increases with a higher delay time. Fig. 4
(right) clearly shows that at the factor one, with equal response
delays, the SDS-TWR equates the AltDS-TWR. At this point,
the response times are nearly the same: T T

1,2 ≈ T R
2,3. The

increase in the distance measurement of the CCSS-TWR was
unexpected. This could be due to measurement imperfections
of the clock drift error. Even if the remaining error was small,
with increasing delay, it becomes more significant. The best
results are provided by the AltDS-TWR protocol.

The AltDS-TWR protocol provides the best results, with
a nearly constant distance measurement over time even with
changing delay times. The only deviation from the ideal case
appears at the beginning. This problem is highlighted in Fig. 5,
where only the filtered distance measurements of the AltDS-
TWR case are presented.

The linear approximation of the error is completely suitable
for the clock drift correction. Furthermore, a position error
caused by a constant velocity of the object is corrected by the
linear interpolation because of the linear increase of the posi-
tion error (pseudo clock drift). An acceleration high enough
to cause an error greater than 5 mm would require almost
1000 g (104 m/s2). Another possible explanation of the warm-
up error could be the change in the reference frequency. In the
case of the AltDS-TWR, the residual error depends only on the
reference frequency and the time of flight εAltDS = eRTAltDS.
The DecaWave DW1000 chip of the EVK1000 is driven by
an RSX-10 Rakon SMD crystal oscillator with a tolerance
of 10 up to 50 ppm [24]. The short time of flight multiplied
with the maximum change of the crystal oscillator offset is too
small to cause a warm-up error of 3 cm. Therefore, the reason
for the observed phenomenon is not the AltDS-TWR protocol.

C. Other Sources of Error

In practice, the timestamp of the DecaWave UWB device
is affected by the signal power [14], [15] [see Fig. 6(a)].
Increasing the signal power causes a negative shift of the
timestamp and vice versa. In [13], we showed how the signal
power correction curve can be determined for each DecaWave
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Fig. 3. Comparing the different TWR protocols. Distance measurements with respect to the time. (a) Raw distance measurements. (b) Filtered distance
measurement.

Fig. 4. Comparing the different TWR protocols with increasing response time. (a) Raw distance measurements with respect to response time ratio.
(b) Filtered distance measurement with respect to response time ratio.

Fig. 5. Filtered distance measurement with respect to the time for the
AltDS-TWR case. The plot is based on the measurement data from the first
experiment.

UWB transceiver individually, without requiring additional
measurement equipment. The developed algorithm is reducing
the signal power to determine the dependence between the
signal power and the timestamp shift. The presented technique
allows us to correct the timestamp directly during the ranging
procedure by considering the signal power correction terms E1

and E2. Note that the signal power may affect the tag and the

reference station differently. At a lower signal power, the time
difference �T R

1,2 increases.
The second important effect on the distance measurement

is caused by the hardware delay. This time corresponds to the
delay between the arrival of the signal on the antenna until the
setting of the time stamp. The effect of the hardware delays A
and B on the TWR [see Fig. 6(b)]. This error depends mainly
on the temperature and can be estimated before the ranging
[16].

The corrected time-of-flight equation (14) considers the
effect of the signal power and the hardware delay for SS-TWR

TOF = 0.5· (�T R
1,2 − �T T

1,2 − E2 − E1
) − A − B. (14)

IV. TDOA MEASUREMENT TECHNIQUE

In applications with several moving targets (tags), TWR is
less suitable due to its slow update rate. Trilateration in 2-D
space requires at least three distance measurements. As the
number of tags increases, the update rate decreases. In contrast
to TOA, TDOA remains suitable for applications with large
numbers of tags. In TDOA applications, the reference stations
do not respond to the tags. Multilateration is performed
by considering timestamp differences between anchors. Geo-
metrically, TOA equations describe circles, whereas TDOA
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Fig. 6. Schematics for the TWR. (a) Effect of the power on the TOA. (b) Effect of the hardware delay on TOA.

Fig. 7. TAO and TDOA ranging. The first two messages (1 and 2) are required for the ranging, and the third message (3) is for the clock drift correction.
During the beginning of the ranging, the reference station sends the first message at its local time T R

1 . The tag and the passive station S receive the message
and create timestamps T S

1 and T T
1 . In the next step, the tag sends a response message at its local time T T

2 . The reference station and station S receive this
message at their local times T R

2 and T S
2 , respectively.

equations are hyperbolas in a 2-D space. Time synchronization
between the BSs can be performed by wire [25] or with an
additional station [3]. Various methods for wireless TDOA
clock synchronization are presented in [26]–[28]. Without
clock synchronization, it is necessary to correct the clock drift
for the TDOA application. Dotlic et al. [17] used the CCSS-
TWR method (see Section II-B) to correct the clock drift for

TOA and TDOA. They also suggested to extend the SS-TWR
with TDOA.

The results in Section II indicate that the AltDS-TWR
protocol is the best solution to correct the clock drift. This
is the reason why we are going to upgrade the AltDS-TWR
protocol for the TDOA application. The error caused by signal
power and the influence of the hardware delay are different
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Fig. 8. (a) Effect of signal power on TDOA ranging. (b) Effect of the hardware offset. on the TDOA.

for the TDOA application compared with the TOA application.
Both errors have been neglected in Section III but will now
be corrected. In previous publications, the signal power error
was corrected after obtaining the distance measurement. Using
our presented method in [13], it is now possible to obtain the
connection between the signal power and the timestamp shift.
This allows us to correct the influence of the signal power as
a part of the ranging protocol. First of all, the AltDS-TWR
equation (10) is transformed into a more intuitive equation
(17); it clearly shows that the clock drift error is corrected
by linear interpolation. The time differences T T

2,3 and T R
2,3 are

replaced by (�T T
1,3 −�T T

1,2) and (�T R
1,3 −�T R

1,2), respectively.
The AltDS-TWR equation (10) becomes

TAltDS = �T R
1,2 · (

�T T
1,3 − �T T

1,2

)
�T T

1,3

−�T T
1,2 · (�T R

1,3 − �T R
1,2

)
�T T

1,3

. (15)

This equation is transformed into the following equation:

TAltDS = �T R
1,2 − �T R

1,2 · �T T
1,2

�T T
1,3

− �T T
1,2 · (�T R

1,3 − �T R
1,2

)
�T T

1,3

.

(16)

Without the signal power error and the hardware delay, the
function for the time-of-flight TTOF calculation between two
stations becomes

TAltDS = 0.5·
(

�T R
1,2 − �T T

1,2

(
�T R

1,3

�T T
1,3

))
. (17)

With all the correction terms, (17) corresponds to

TTOF = 0.5·
(

�T R
1,2−

(
�T T

1,2+E1
)(�T R

1,3

�T T
1,3

)
−E2

)
− A−B.

(18)

Fig. 7 shows the protocol for the TOA-TDOA ranging, with-
out the influence of the signal power and the hardware delay.

The first two messages (1 and 2) are required for the ranging,
and the third message (3) is for the clock drift correction.
During the beginning of the ranging, the reference station
sends the first message at its local time T R

1 ; this station is used
for the time synchronization and the clock drift correction. The
tag and the passive station S receive the message and create
timestamps T S

1 and T T
1 . In the TDOA application, the stations

S are the reference stations, which are located at known
positions. In the next step, the tag sends a response message at
its local time T T

2 . The reference station and station S receive
this message at their local times T R

2 and T S
2 , respectively.

Without the influence of clock drift, hardware delay, and signal
power, TOA equates TTOF = 0.5· (�T R

1,2 − �T T
1,2) and TDOA

equation TTDOAK = �T S
1,2 − K . The unknown parameter K

is the time offset between the transmission times of messages
1 and 2. If both messages are emitted at the same time, this
offset is zero. Similar to the AltDS-TWR, the third message is
used for the clock drift correction. The reference station at its
local time T R

3 emits a message that is received by the tag and
station S at T S

3 and T T
3 , respectively. This leads to the clock

drift corrected equations

TTOF = 0.5·
(

�T R
1,2 − �T T

1,2

(
�T R

1,3

�T T
1,3

))

and

TTDOAK = �T S
1,2

(
�T R

1,3

�T S
1,3

)
− K .

The influence of the signal power E3 and E4 and the hard-
ware delay C for TDOA compared to TOA is shown in Fig. 8.
The error caused by the signal power on the measurement is
smaller for TDOA; this is because both timestamps of station
S are affected. The hardware delay can be assumed to be
constant between receiving messages 1 and 2, and hence, it has
no effect on the time difference �T S

1,2.
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Fig. 9. Calculation of the offset K . A: delay caused by the hardware of the
reference station (TTOA: time of flight between the reference station and the
tag). B: delay caused by the hardware of the tag (�T T

1,2: response time of the
tag).

Considering the clock drift, signal power, and hardware
delay leads to the TDOA equation

TTDOAK = (
�T S

1,2 + E3 − E4
)(�T R

1,3

�T S
1,3

)
− K . (19)

This time still depends on the offset K , as shown in Fig. 9.
In general, this offset is simply the time of flight TTOF of
message 1 from the reference station to the tag plus the
computation time �T T

1,2 at the tag before the signal 2 is
emitted. The hardware delay A of the reference station does
not affect the offset K because only the moment the signal
leaves the transceiver matters. However, it is important to
consider the hardware delay B of the tag two times: when
the tag receives message 1 and when message 2 is emitted.
At both times, the message is delayed by B .

It may be calculated as stated in the following equation:

K = TTOF + (
�T T

1,2 + E1
)(�T R

1,3

�T T
1,3

)
+ 2B. (20)

The new TDOA equation after eliminating the offset K and
including all corrections is shown in the following equation:

TTDOA = �T R
1,3

(
�T S

1,2 + E3 − E4

�T S
1,3

− 0.5· (�T T
1,2 + E1

)
�T T

1,3

)

−0.5· (�T R
1,2 − E2

) + A − B. (21)

V. EXPERIMENTAL RESULTS: TOA AND TDOA POSITION

ESTIMATION

The aim of this section is to apply the knowledge from
Sections II–IV to estimate the unknown position of the tag
with respect to several BSs at known positions. The exper-
iments have been carried out only for the 2-D variant. The
hardware delay as well as the signal power correction curve
has been obtained before the multilateration. The real mea-
surements have been performed with the DecaWave EVK1000.
This device supports different message types, which are spec-
ified for the discovery phase, ranging phase, and final data
transmission. Depending on the update rate and the preamble

TABLE II

TEST SETTINGS

Fig. 10. Constellation of the stations.

Fig. 11. TOA position estimation. The red crosses are the BSs. The blue
dots are the results of the tag position estimations.

length, each message can vary from 190 to 3.4 ms. In our
experiments, we only used 190-μs messages; the settings are
listed in Table II.

Fig. 10 and Table III show the constellation of the stations.
The ground-truth data were obtained by laser distance mea-
surements. The position of the tag with ID 2 is assumed to
be unknown. The other stations with IDs 1, 3, 4, and 5 are
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Fig. 12. TDOA position estimation. The red crosses are the BSs. The blue dots are the results of the tag position estimations. (a) Position estimations obtained
with offset K and without TOA fusion. (b) Position estimations obtained without offset K optimization and without TOA fusion. (c) Position estimations
obtained with offset K and with TOA fusion. (d) Position estimations obtained without offset K optimization and with TOA fusion.

TABLE III

POSITION OF THE STATIONS OBTAINED BY LASER DISTANCE MEASURE-
MENTS

used to estimate the position of this tag. The station identified
as the reference station changes during TWR. This is because
the distances between the tag and the other stations must be
calculated before the lateration. Unlike TOA, the reference
station remains the same for TDOA; in this example, it is the
reference station with ID 1. This characteristic of the TDOA
measurement technique and the fact that stations S remain
passive leads to a much higher update rate compared with
TOA trilateration.

Given the corrected time measurements and the propagation
speed of the signal, positioning may be performed to deduce
the position of the tag with respect to the anchors.

A. TOA Lateration

In Fig. 11, the results of 2211 tag position estimations are
presented; these results are provided by the TOA measurement

TABLE IV

TDOA VARIANTS

technique. The BSs are illustrated by red crosses and the
estimated tag positions by blue dots.

The TOA precision equals (σ 2
x + σ 2

y )1/2 = 0.0221.

B. TDOA Multilateration

Section IV introduces our TDOA ranging protocol. It has
the ability to correct the impact of the signal power and the
hardware delay for every station individually. It is also possible
to obtain the TOF between the reference station and the tag.
The variants where the TDOA measurements are combined
with the additional TOF measurement will be called “TOA
fusion.” The offset K can be determined either analytically
[see (20)] or included in the numerical optimization. The latter
will be denoted with the subscript K . This results in four
variants, which are defined in Table IV.

The same geometric constellation of the BSs and the tag
used in the TOA experiments in Section V-A is used here.
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Fig. 12 shows the results of 12 587 tag position estimations
provided by the TDOA measurements with and without offset
K and TOA fusion. The BSs are illustrated by red crosses
and the estimated tag positions by blue dots. The number of
TDOA position estimations is much higher than that of TOA
lateration (see Section V-A) due to the higher update rate. The
covariance of the results for the different variants equals

Cov(MK ) =
(

0.0015 0.0010
0.0010 0.0027

)

Cov(M) =
(

0.0018 0.0011
0.0011 0.0020

)

Cov(MK ,F ) =
(

0.0005 −0.0002
−0.0002 0.0009

)

Cov(MF ) =
(

0.0005 −0.0002
−0.0002 0.0006

)
and the precision

TDOA variants: MK M MK ,F MF

Precision: 0.0644 0.0610 0.0376 0.0336.

In contrast to station 4, the distance from stations 5 and
3 to the reference station is the same. The asymmetry of
the position errors in MK and M is expected due to station
1 being the reference station. The influence can be reduced
by taking the additional distance measurement into account
as shown in MK ,F and MF . For more information on the
influence of geometry on positioning, also known as dilution
of precision (DOP), see [29]. Furthermore, the ratio between
the number of equations with respect to the unknown variables
increasing is due to the TOA fusion, and hence, the overall
noise is reduced. It can be observed that the best results are
obtained for the variant MF with TOA fusion and with an
analytical determination of K . The difference from the case
MK without TOA fusion and with offset K optimization is
3 cm. The difference from the variants to each other, MK to
MK ,F and M to MF compared with MK to M and MK ,F to
MF , shows that the TOA fusion has the highest impact on
precision. The standard deviation for the best TDOA case MF

is 1 cm higher than that in the TOA lateration (see Section V-
A). It can be observed that the TOA measurements have a
better precision compared with TDOA multilateration but a
much slower update rate. This difference becomes even higher
with more stations.

VI. CONCLUSION

This article analyzed the most common TWR protocols for
the DecaWave UWB system, with the aim to find the one most
suitable for correcting the clock drift error. These protocols
were evaluated experimentally for their ability to correct the
clock drift between the reference station and the tag. It was
shown that the AltDS-TWR provides the best results. This
protocol was expanded by the ability to correct the signal
power and hardware delay for every station individually. The
AltDS-TWR equation was transformed to perform the TDOA
multilateration with four variants. It was shown that the effect
of signal power and hardware delay for the TDOA case has to
be considered differently. The best results were obtained with

our new approach, where the offset K is computed analytically
and fused with an additional distance measured. This method
provides almost the same precision as TOA with the high
update rate of TDOA. We are very confident that this new
method will become the method of choice for DecaWave
TDOA positioning.
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