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Micro unmanned aerial vehicles (UAVs) are promising to play more and more important roles in both civilian and military activities.
Currently, the navigation of UAVs is critically dependent on the localization service provided by the Global Positioning System (GPS), which
suffers from the multipath effect and blockage of line-of-sight, and fails to work in an indoor, forest or urban environment. In this paper, we
establish a localization system for quadcopters based on ultra-wideband (UWB) range measurements. To achieve the localization, a UWB
module is installed on the quadcopter to actively send ranging requests to some fixed UWB modules at known positions (anchors). Once a
distance is obtained, it is calibrated first and then goes through outlier detection before being fed to a localization algorithm. The
localization algorithm is initialized by trilateration and sustained by the extended Kalman filter (EKF). The position and velocity estimates
produced by the algorithm will be further fed to the control loop to aid the navigation of the quadcopter. Various flight tests in different
environments have been conducted to validate the performance of UWB ranging and localization algorithm.

Keywords: UWB ranging; localization; GPS-denied environments; EKF; quadcopters.

1. Introduction

Recent years have witnessed the surge of research interest
on micro unmanned aerial vehicles (UAVs). As the logical
heir of ground based mobile robots, UAVs have the aerial
maneuvering ability to easily avoid obstacles and acquire an
excellent bird's-eye view, which provides a great conve-
nience in mapping and monitoring tasks [1]. At a small size,
micro UAVs are able to navigate through spatially restricted
areas, such as forests [2], urban canyons [3] and indoor
environments [4], while still maintaining the lowest dis-
turbance to environment and the inhabitants within. It can
be reasonably expected that micro UAVs are about to play
more and more important roles for both civilian and mili-
tary purposes [5], like reconnaissance for search and rescue

[6], environment monitoring [7], security surveillance [8],
inspection [9], law enforcement [10], etc. Specifically,
quadcopters are selected to be the universal research
platform due to its low cost and availability of various sizes
as well as easy maintenance.

Precise localization is critical in achieving the autono-
mous navigation of micro UAVs. In an outdoor environment,
space-based satellite navigation systems such as Global
Positioning System (GPS) are able to provide an absolute
position for the UAV with an approximate error of 2–5m in
civilian applications. With a ground-based reference station
installed at a known position, Differential-GPS is able to
achieve less than 1m overall accuracy. To improve the ac-
curacy, the position provided by a satellite navigation sys-
tem is usually fused with Inertial Measurement Unit (IMU)
[11, 12], which contains measurements from accel-
erometers, gyroscopes and sometimes also magnetometers.
Other localization methods are based on vision [13–15] or a
combination of vision and IMU.

However, in a spatially restricted area or dense envi-
ronment, say woods or urban canyons, GPS signals will
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suffer greatly from the blocking of line-of-sight and multi-
path effects, and the localization accuracy degrades to a
level that it can no longer support autonomous flight. Fur-
thermore, GPS units are unable to work in an indoor envi-
ronment. In this case, some other anchor-based localization
systems [16] are needed to replace the GPS for the navi-
gation of UAV. Typically, anchors are placed at points with
known coordinates, and the distance from an anchor to the
moving UAV can be estimated from RF signals for the lo-
calization purpose. Different kinds of ranging techniques
have been proposed for the distance estimation [17, 18]:
Time of Flight (ToF), Time of Arrival (ToA) and Received
Signal Strength Indication (RSSI).

One emergent RF technology for accurate localization is
ultra-wideband (UWB) ranging technology, which is robust
to multipath and nonline-of-sight (NLOS) effects, and can
achieve a cm-level ranging error. The UWB radio modules
can estimate inter-module distance by measuring the
transmission and reception time of UWB pulses [19–21]. In
contrast with other RF systems, UWB pulses can be trans-
mitted between 3GHz and 5GHz and have an RF bandwidth
of 1.4 GHz. The increased bandwidth not only avoids the
interference with other types of RF signals, e.g. remote
control and WiFi signals but also allows the UWB signal to
easily go through walls and other obstacles. Besides, the
ultra-short duration pulses permit an easy filtering method
to deal with the multipath effect, as well as an accurate
determination of ToF. Some commercial UWB systems ex-
ploit a peer-to-peer Two-Way Time of Flight (TW-ToF) to
simultaneously achieve precise ranging and data exchange,
which potentially provides more information for localization.

In this paper, we employ UWB modules for the locali-
zation of quadcopters in GPS-denied environments. The
UWB module on the moving quadcopter is to actively send
ranging requests to anchor UWB nodes at known positions
to obtain the distance measurements, which will be fused
by the extended Kalman filter (EKF) for position estimation.
Moreover, an estimated position will be fed into the navi-
gation unit of the quadcopter to aid the navigation. Various
experiments in different environments have been conducted
to verify the performance of the UWB localization.

The remainder of this paper is organized as follows. The
TW-ToF ranging technique and calibration of the UWB
rangings are introduced in Sec. 2. After that, a UWB locali-
zation algorithm is proposed in Sec. 3. The hardware con-
figuration of the navigation system is shown in Sec. 4, and
an experiment evaluation of the UWB localization in dif-
ferent environments, as well as related autonomous quad-
copter flight in an indoor environment, is presented in
Sec. 5. We conclude our work in Sec. 6.

The following notations will be used throughout this
paper.MT denotes the transpose of the matrixM. A� B is the
Kronecker product of the two matrices A and B. jjvjj is the

two-norm of the vector v. diag(a1; . . . ; an) denotes the diag-
onal matrix with the diagonal elements given by a1; . . . ; an.

2. Two-Way Time-of-Flight Ranging and Calibration of
UWB Measurement

In this section, we shall introduce the TW-ToF ranging
technique implemented on the UWB module for the locali-
zation in GPS-denied environments. Besides, we shall also
discuss the calibration of UWB measurement.

2.1. Two-way time-of-flight ranging

Unlike ultrasonic or laser-based signals, UWB pulses can
travel through walls and dense foliage. Compared with
conventional narrow-band RF, these pulses do not suffer
from errant multi-path reflections since the most direct
path through the environment is measured based on TW-
ToF technique (Fig. 1).

It is clear from Fig. 1, that the two UWB modules in-
volved in ranging are asymmetrical. Specifically in our lo-
calization context, the module installed on the quadcopter
(denoted as Q) will actively send its ranging request to the
anchor module at known position (denoted as A). The an-
chor will automatically respond to any ranging request it
receives from the requester. As shown in Fig. 1, the on-
board UWB module Q initiates the TW-ToF by transmitting
a request packet at QTx

M0
. Anchor A receives the pulse at ARx

M0

after a delay of f. After calculating the leading edge offset
with a known delay �A, anchor A responds by transmitting a
pulse at ATx

M1
. Q receives it after a delay of f at QRx

M1
. The pulse

transmission time f between Q and A is calculated by

f ¼ ðQRx
M1

� QTx
M0

� �AÞ
2

:

Fig. 1. TW-ToF range measurement.
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Furthermore, the range dQA between Q and A is given by

dQA ¼ f � c;
where c is the speed of light in vacuum with the approxi-
mate constant of 3� 108 m/s.

2.2. Calibration of UWB measurement

Here, we discuss a methodology to calibrate the UWB but
defer the experiment results to Sec. 5.1. Assume that a UWB
range r has been obtained, which can be modeled as a
simple linear function of the true distance d. More exactly, if
we take into account the zero-mean random error �, then
the following holds:

r ¼ ad þ bþ �: ð1Þ
The calibration problem is to estimate d from the range r.

The classical approach is adopted for the calibration,
which firstly regresses the instrumental response r on the
manipulated variable d and then solves for d. Specifically,
given n samples ðdi; riÞ, i ¼ 1; . . . n collected from different
locations, the calibration can be conducted as follows [22].
Linear regression is firstly applied to n samples to obtain an
estimate â; b̂, respectively, for scaling factor a and bias b in
the measurement model (1) as well as an estimate �̂ of the
standard deviation of the error �:

â ¼
Pn

i¼1ðdi � �dÞðri � �rÞPn
i¼1ðdi � �dÞ2 ;

b̂ ¼ �r � â �d; ð2Þ

�̂ ¼
Pn

i¼1ðri � âdi � b̂Þ2
n� 2

;

where �d and �r are, respectively, the mean of di's and ri's,
i ¼ 1; . . . ; n. After that, the ranging estimate d̂ can be
obtained as

d̂ ¼ ~ar̂ þ ~b; ð3Þ
with ~a ¼ 1

â and ~b ¼ � b̂
â . It can be shown that [23] the es-

timate is asymptotically unbiased and normal in the case of
a normal error �, and the asymptotic mean square estima-
tion error is approximated by

R ¼ ð�̂=âÞ2: ð4Þ

3. UWB-Based Localization

The workflow of the UWB localization system is displayed
in Fig. 2. To achieve the range-based localization, anchor
nodes equipped with UWB module are firstly installed at

known positions. As the TW-ToF ranging method described
in Sec. 2.1, the UWB module on the quadcopter is to actively
send ranging requests to anchor nodes for distance mea-
surement. Once a distance is obtained, it will be calibrated
by (3) where the calibration parameters ~a and ~b are de-
termined by experiments as shown later in Sec. 5.1. The
calibrated range then goes through the outlier detection
before it is fed into a localization algorithm to produce a
position estimate. Note that trilateration is used to start the
algorithm, whose output will serve as the initial state esti-
mate for EKF. The follow-up localization is sustained by EKF
in a recursive way.

Below, we shall elaborate each part of our UWB based
localization system. In specific, the kinematic and mea-
surement model is firstly presented, followed by a com-
parison of two major recursive Gaussian filters, namely EKF
and Unscented Kalman Filter (UKF). The equations of EKF
are introduced later, based on which the outlier detection is
mentioned. The trilateration algorithm for the initialization
phase is discussed finally.

3.1. Kinematic and measurement model

For the UWB localization, the position p ¼ ðpx; py; pzÞ0 and
velocity v ¼ ðvx; vy; vzÞ0 of the mobile node are to be esti-
mated. Assume that the acceleration a ¼ ðax; ay; azÞ0 remains
constant in ½tk�1; tk�, we can model the discrete-time

Fig. 2. UWB-based localization workflow.
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dynamics of the mobile node as

p
v

� �
kþ1

¼ I Δ tkI

0 I

� �
p
v

� �
k
þ

1
2
akðΔtkÞ2

akΔtk

0
B@

1
CA: ð5Þ

In the case when the acceleration is not available, fakg
can be treated as a white noise sequence with the covari-
ance EðakaT

k Þ ¼ diagð�2
x ; �

2
y ; �

2
z Þ. Note that �� can be set as

the maximum acceleration on the �-direction (� ¼ x; y; z)
for a conservative but consistent estimation.

On the other hand, the measurement equation is given
by

dk ¼ jjpk � pajj þ �k; ð6Þ
where dk is the calibrated distance from the UWB ranging rk
by (3), pa ¼ ðxa; ya; zaÞ is the anchor's position and �k is the
measurement noise whose variance R is given by (4). Note
that the linearization around p̂k can be written as dk �
d̂k þ 1

d̂ k
ðp̂k � paÞTðp� p̂kÞ þ �k and d̂k ¼ jjp̂k � pajj.

To sum up, the process dynamics and the measurement
equation for the UWB localization can be found as

xkþ1 ¼ Akxk þ "k; Eð"k"Tk Þ ¼ Qk;

dk ¼ jjpk � pajj þ �k; Eð�k�TkÞ ¼ R;

(
ð7Þ

where x ¼ p
v

� �
, Ak ¼ I ΔtkI

0 I

� �
and Qk ¼

1
4
ðΔ tkÞ4

1
2
ðΔtkÞ3

1
2
ðΔ tkÞ3 ðΔ tkÞ2

0
BB@

1
CCA � diagð�2

x ; �
2
y ; �

2
z Þ.

3.2. Comparison of EKF and UKF

The localization of moving objects is usually achieved by
recursive Bayesian filters. Since the seminal paper of
Rudolph Kalman [24], the Kalman filter has been widely
used in the state estimation of discrete-time linear systems
with Gaussian noise. It provides a recursive state estimation
from measurements, and is also able to fuse asynchronous
measurements from different sensors as well.

For a general nonlinear dynamics, two major types of
extension of Kalman filter can be applied: EKF and UKF.
EKF is obtained by implementing the Kalman filter in the
linearized system, and it similarly consists of the prediction
from the process equation and correction from the mea-
surement, as shown later in Sec. 3.3. These two phases are
also comprised in UKF, however, UKF employs the un-
scented transform to choose a set of sample points (sigma
points) for the state and observation prediction, as well as
the covariance propagation. Compared with EKF, UKF is
capable in dealing with highly nonlinear dynamics due to
the unscented transform; nonetheless, the choosing of
sigma points relies on finding the matrix square root of the

covariance, and hence entails more computational burden.
In addition, the weights of sigma points have to be selected
carefully and cannot be applied universally.

In the next, we compare the performance of EKF and
UKF for the system (7) in localization. In detail, two dif-
ferent sets of anchors are set up in the simulation, one with
the configuration as in the indoor environment (Sec. 5.3),
and the other one as in the outdoor environment (Sec. 5.2).
The sampling interval of UWB ranging is set as 0.1 s in both
cases. In the UKF algorithm, the weights of sigma points are
set as in [25]. In the indoor simulation, the tracked object
is assumed to move along a circle with radius of 2m at
a certain height of 1.5m, at a uniform linear velocity of
0.8m/s; in the outdoor case, it is assumed to move along a
circle with radius of 25m at the same height, at a uniform
linear velocity of 2m/s.

Figures 3 and 4, respectively, show the simulation results
of these two scenarios over 1000 steps of rangings. Clearly
in both cases, EKF is able to track the object accurately for
the x and y coordinate, along with some variation for z
coordinate which is due to the anchor configuration. In fact,
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Fig. 3. Indoor simulation results of EKF and UKF.
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note that in system (7) only the measurement equation is
nonlinear; besides, with a small initial estimation error, EKF
is expected to provide a consistent estimate [26]. In con-
trast, UKF can only perform similarly in the indoor simu-
lation, but yields an inconsistent estimation in the outdoor
case. It reveals the sensitivity of weights of sigma points of
UKF to different anchor configurations. As a result, EKF is
preferred for UWB-based localization system, and the cor-
responding algorithm is detailed in Sec. 3.3.

3.3. EKF

Applying the EKF to the system (7) yields the localization
equations as in (8)–(13), with x̂ �

k and x̂k , respectively, being
a priori and a posteriori estimate of the state at the time tk ,
P�
k and Pk the corresponding covariance of the estimation

error.

Process update (\Prediction")

x̂ �
k ¼ Ak�1 x̂k�1; ð8Þ

P�
k ¼ Ak�1Pk�1A

T
k�1 þ Qk�1: ð9Þ

Measurement update (\Correction")

d̂k ¼ jjp̂�
k � pajj;

Hk ¼
1

d̂k

ðp̂�
k � p

aÞT 0
� �

6�1;

8><
>: ð10Þ

Kk ¼ P�
k H

T
k ðHkP

�
k H

T
k þ RÞ�1; ð11Þ

x̂k ¼ x̂ �
k þ Kkðdk � d̂kÞ; ð12Þ

Pk ¼ ðI � KkHkÞP�
k : ð13Þ

It is clear that the implementation of the EKF above only
requires a minimal amount of computation. Most of the
calculation is from the matrix multiplication and addition.
Although the Kalman gain update (11) involves a matrix
inversion, it is actually a scalar division due to the scalar
distance measurement. Therefore the real time localization
is readily achieved.

3.4. Outlier detection

For UWB ranging modules, although the range measure-
ment is accurate even in close proximity of strong reflectors
like walls, there exist unreasonable data (e.g. negative
distances or dramatic change between two consecutive
samples) especially in NLOS environment like forest
(Fig. 10(a)), as can be seen from Fig. 5. On the other hand, it
is noted that the Kalman filter is not robust to measurement
outliers, which is also true for EKF and results in erratic
estimation. Therefore, it is necessary to let measurements
go though outlier detection before applying them, which is
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completed by calculating the Mahalanobis distance related
with the innovation covariance. Specifically, from (11) and
(12), the innovation and its covariance are respectively
given by dk � d̂k and HkP

�
k H

T
k þ R. As a result, the

Mahalanobis distance [27] of the innovation is found as

D ¼ ðdk � d̂kÞðHkP
�
k H

T
k þ RÞ�1ðdk � d̂kÞ ¼

ðdk � d̂kÞ2
HkP

�
k H

T
k þ R

:

The larger the normalized distance D, the more likely the
measurement is an outlier. Some threshold can be set for
the detection.

3.5. Trilateration

Theoretically, trilateration method utilizes simultaneous
distance measurements from several anchor nodes to de-
termine the location of the mobile node. However, with the
UWB ranging technique, these distances can only be re-
trieved in a cyclic fashion, which entails asynchrounous
measurements and results in large localization error, espe-
cially when the mobile node is moving at a high speed.
Hopefully, trilateration is still able to generate a rough es-
timate to initialize or restart the UWB localization.

As is known, it is necessary to obtain ranges from at least
four noncoplanar anchors as well as their coordinates to
uniquely determine the target position in a 3D space. De-
note the known position of the ith anchor node as pa

i ¼
ðx a

i ; y
a
i ; z

a
i Þ and the corresponding calibrated distance as di,

then we have

di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x a

i Þ2 þ ð y � ya
i Þ2 þ ðz� zai Þ2

q
; i ¼ 1; . . . ; n;

ð14Þ
where ðx; y; zÞ is the target location to be found.

Many different methods have been proposed to solve
(14) [28–30]. Typically, it can be solved by a combination of
linear and nonlinear least square methods [31]. In fact, by
squaring both sides of (14) and subtracting

d 2
1 ¼ ðx � x a

1Þ2 þ ð y � ya
1Þ2 þ ðz� za1Þ2;

we get n� 1 linear equations as

d 2
i � d 2

1 � d 2
i1

¼ 2 ðx a
1 � x a

i Þx þ ðya
1 � ya

i Þy þ ðza1 � zai Þz½ �; ð15Þ
with d 2

i1 ¼ ðx a
i Þ2 � ðx a

1Þ2, i ¼ 2; . . . ; n, which can be solved
by least squares. On the other hand, the nonlinear least
squares problem related with (14), i.e.

min
ðx;y;zÞ

Xn

i¼1

½di �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x a

i Þ2 þ ðy � ya
i Þ2 þ ðz� zai Þ2

q
�2;

can be efficiently solved by Gauss–Newton method [32]
with an acceptable initial guess provided by solving the
linear least squares problem (15).

4. Hardware Configuration of the Experimental
Quadcopter

In this section, we shall have an overview of the hardware
configuration of the quadcopter used in experiments. The
range calibration and UWB-based localization tests are
carried out on a commercial low-cost frame of DJI F450
radio-controlled (RC) quadcopter, with its four motors
replaced by the small and powerful AXI 2217/20 for
endurance extension. All of the airborne modules are
manufactured shown in Fig. 7(a). Three main electronic
components constitute the on-board avionics (Fig. 7(b)):
UWB module, BeagleBone Black (BBB) micro computer, and
Pixhawk Autopilot [33].

The UWB platform for the experiment is Time Domain's
P410 RCM (Fig. 6) with operating band from 3.1 GHz to
5.3 GHz. Within the the range of 125m, it is able to provide
precise measurement at an update rate of around 40Hz. Its
dimension (7.6 � 8.0 � 1.6 cm) and weight (58 g) are
suitable for micro unmanned systems. The RF emission is
compliant with the U.S. Federal Communications Commis-
sion (FCC) limits.

The BBB is a low-cost credit-card-sized development
platform with good support including 512MB RAM, 2 GB of
eMMC flash on-board and ARM Cortex-A8 processor with
speed of 1 GHz. The maximum power consumption is
around 2 watts. This BBB on-board computer performs
three functions: as a host, it signals the UWB module to
send a ranging request; it also receives the distance mea-
surement from the module; finally, it communicates the
localization message as well as the path planning messages
with Pixhawk through the interface board.

Fig. 6. P410 UWB platform.
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The Pixhawk Autopilot is a high-performance autopilot-
on-module suitable for different types of vehicles. It inte-
grates the IMU and flight controller on-board. By default, it
is connected to the GPS module for the absolute position,
while in our case, it receives the localization message from
BBB.

In addition, a micro radar sensor is installed to measure
the relative altitude to the ground. The power of all the
electronic components come from a 3-cell LiPo battery with
capacity of 5200mAh.

5. Experimental Results and Performance Evaluation

To validate the proposed UWB-based localization approach,
various experiments have been conducted in different
environments. Below, we shall discuss the experiments in
detail. Particularly, the discussion is divided into 3 parts:
range calibration, outdoor localization and indoor autono-
mous flight.

5.1. Range calibration

Considering that the calibration parameters in (3) may
depend on the specific environment, the calibration of UWB

measurement is conducted in different environments. Typ-
ically, we do the experiments in 3 kinds of environments:
indoor environment, semi-outdoor environment (corridor)
and forest environment.

5.1.1. Indoor calibration

For the indoor calibration, experiments were carried out in
the test bed of Internet of Things Lab (Fig. 8(a)), which
covers an approximate area of 7m � 7m. Samples were
collected every 0.5m within the range of 8m, with the
ground truth provided by a VICON system, which reaches
the mm-level accuracy. We found that the accuracy of UWB

(a) System block diagrams

(b) Connection between components

Fig. 7. Hardware architecture.

(a) IoT lab indoor environment
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Fig. 8. Indoor range calibration and experimental results.
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measurement decreases significantly within 1.5m, and
hence separated the calibration into 2 intervals, 0–1.5m
and 1.5–8m. As mentioned in Sec. 2.2, we first did the linear
regression for the samples (Fig. 8(b) and 8(c)) and then got
the calibration equation of (3). The parameters of the cali-
bration are listed in Table 1.

5.1.2. Semi-outdoor calibration

For the semi-outdoor calibration, experiments were carried
out over the corridor of building S1, level B4 in Nanyang
Technological University (Fig. 9(a)), which consists of a long
track of about 100m. Samples were collected every 5m
within the range of 100m, with the ground truth provided
by a laser distance meter (Fluke 424D), which reaches the
mm-level accuracy. We found that the accuracy of UWB
measurement degrades after 50m, and hence separated the
calibration into 2 intervals, 10–50m and 50–100m. As
mentioned in Sec. 2.2, we first did the linear regression for
the samples (Figs. 9(b) and 9(c)) and then got the calibra-
tion equation of (3). The parameters of the calibration are
listed in Table 2.

5.1.3. Outdoor calibration

For the outdoor calibration, experiments were carried
out inside a woods in Nanyang Technological University
(Fig. 10(a)), which covers an approximate area of 40m �
30m. Samples were collected at different locations along a
50m long line-of-sight with the ground truth provided by
the laser distance meter. The parameters of the calibration
are listed in Table 3.

From Tables 1, 2 and 3, we can see that the UWB ranging
is robust to the change of environments; actually, the largest
standard error in 3 different environments is 0.061m.
However, the data loss and outliers increase with the dis-
tance, and vary in different environments. As expected, the
data loss and outliers occur most in the forest environment.
The prediction based on EKF can be used to continue op-
erating for a system in the case of short-term measurement
failures. The outliers applied directly can result in erratic
estimation followed by large maneuvers and even crash
during autonomous flight. Moreover, imprecise measure-
ments without calibration will reduce the localization

accuracy and influence the performance of flight trajectory.
Thus the calibration should be necessary before applying
the raw range measurements. Figure 11 illustrates the
outlier-removed and calibrated distance measurements are
much closer to the reference than the raw distances at

Table 1. Indoor Range Calibration (unit: m).

Range ~a ~b
STD after
calibration

STD before
calibration

0–1.5m 1.0447 �0.1932 0.032 0.156
1.5–10m 1.0029 �0.0829 0.010 0.069

(a) Corridor semi-indoor environment
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Fig. 9. Semi-outdoor range calibration and experimental results.

Table 2. Semi-outdoor range calibration (unit: m).

Range ~a ~b
STD after
calibration

STD before
calibration

10–50m 0.9976 �0.0511 0.061 0.675
50–100m 1.0007 �0.3121 0.046 0.259
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9.84m, 14.85m and 24.70m, respectively. Compared with
the raw range measurements with the mean error of 15 cm,
the mean error of calibrated measurements is around 2 cm.

5.2. UWB localization in outdoor environment

To validate the UWB localization algorithm in outdoor en-
vironment, flight tests were conducted in a sports field
(Fig. 12(a)). Four UWB modules in the center of the field
were installed as anchors, marked as 4 black crosses in
Fig. 12(c). The ground anchors share the same local frame
and their Cartesian coordinates are given by (0.0, 0.0, 0.32),
(0.0, 30.6, 1.26), (55.85, 30.6, 0.29) and (55.85, 0.0, 1.75),
respectively from anchor 1 to 4. We used the same laser

meter in Sec. 5.1 to determine the coordinates. To verify the
performance of the proposed UWB-based localization, two
tests were carried out. In the first experiment, the quad-
copter was manually held overhead to move along the
rectangle connecting the 4 anchors three times. Fig. 12(b)
illustrates the UWB-based localization results, which almost
overlap the rectangle. The average x–y error is 0.175m with
the worst case 0.32m at the corner of the testing area,
where the quadcopter was just above an anchor.

The second experiment was carried out in the same area
with the same configuration of anchors. The quadcopter
was maneuvered by a pilot to firstly fly along the same
rectangle, and then along the 400m running track.

Table 3. Outdoor range calibration (unit: m).

Range ~a ~b
STD after
calibration

STD before
calibration

0–50m 0.9989 �0.0847 0.054 0.576

(a) Forest outdoor environment
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(b) Forest calibration 0–50m

Fig. 10. Forest outdoor range calibration and experimental
results.
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Figure 12(c) shows a comparison between the UWB esti-
mate and the GPS estimate. Note that here the coordinate
frame is taken as North–East plane, and the coordinates of
the anchors have been rotated. As seen from the figure, the
position estimate of UWB localization is closer to that of
GPS, which is projected on the North–East plane from the
GPS coordinates. In the outdoor case, it is difficult to re-
trieve the ground truth, especially when the UAV is moving,
and hence we fail to conclude which estimate is more ac-
curate than the other. But if we examine the rectangular
path carefully, we can find that the deviation of the GPS
estimate from the UWB estimate is different on the two
opposite widths on North–West direction, which implies a
better accuracy of the UWB localization than the GPS. On
the other hand, we should also note that the UWB estima-
tion degrades much on two arches, where the protective net
for hammer-throw has been installed nearby. These metal
materials result in more data loss and outliers as well as a
decreased accuracy of UWB localization.

5.3. Autonomous flight based on UWB localization in
indoor environment

To further validate the performance of UWB localization in
indoor environment, we conducted an autonomous flight
based on UWB localization in the same test bed as shown in
Fig. 8(a). The quadcopter controllers can be modeled as a
set of nested control loops as shown in Fig. 13. Each control
loop has a reference set point and the current state as input.
For the position control loop, the current state of the UAV is
provided by the UWB-based localization module. The inner
loop and innermost loop are carried out on Pixhawk Au-
topilot as shown in Fig. 7(a). The complete description of
this design scheme can be seen in [34].

The UWB estimate is compared with the VICON mea-
surements for the x–y coordinate and the corresponding
velocity in Fig. 14. The commercial motion capture system
(VICON) detects the pose of marked objects on the

quadcopter and generates attitude and position informa-
tion. All measurements are relative to a local coordinate
frame. The system is capable of producing measurements at
a rate of 200Hz with position accuracy of millimeters.
Similar to the setup in outdoor environment, four UWB
modules were installed at the 4 corners of the test bed with
the coordinates measured as (�3.0, �3.0, �1.78), (3.0,
�3.0, �1.17), (3.0, 3.0, �1.31) and (�3.0, 3.0, �1.31), re-
spectively, where the z-axis is taken downward.

The quadcopter takes off autonomously and flies around
the center of the test bed three times in squarish trajectory.
The position and velocity accuracy is affected by the Pro-
portional-Integral-Derivative (PID) parameters and the
precision of on-board magnetic sensor measurements, thus
the flight trajectories do not overlap perfectly. However, the
position and velocity estimates of UWB are quite close to
those of VICON as shown in Fig. 14. The average position

(a) Outdoor flight tests in SRC
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32 K. Guo et al.



error in x–y plane is 0.071m and in the worst case, the
accuracy still falls within 0.2m. For the velocity estimates in
Figs. 14(a) and 14(b), the UWB estimation can track the
dynamic movement of the quadcopter accurately. The esti-
mation accuracy decreases at the turning points of trajec-
tory, but it still falls within a reasonable range around the
true value.

6. Conclusion and Future Work

The localization strategy proposed in this paper utilizes
UWB radios to estimate the position and velocity of a flying

quadcopter. Before a range measurement is fed into the
localization algorithm, calibration and outlier detection are
carried out for reliability and better accuracy. The proposed
trilateration algorithm and EKF cooperate to achieve highly
precise position and velocity estimates for autonomous
flight of the quadcopter. Various experiments have been
conducted in indoor and outdoor environments to validate
the performance of the proposed UWB-based localization,
and it shows that it is able to provide accurate position and
velocity for the quadcopter navigation.

Future works will be steered to extend the set of sensors
integrating IMU and visual information from fast camera.
Two and more quadcopters may implement formation flight
in indoor and outdoor environments or even in cluttered
environments like forest. The number of anchors covering
desired area can be optimized and the selection of nodes for
localization of each quadcopter can be decided dynamically
according to its current position. Furthermore, ranging
based cooperative localization and multi-agent control will
be investigated based on UWB.
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