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Indoor 3D positioning system requires precise information from all three dimensions in space, but measurements in the vertical
direction are usually interfered by sensors properties, unexpected obstructions, and other factors. Thus, accuracy and robustness
are not guaranteed. Aiming at this problem, we propose a novel sensor fusion algorithm to improve the height estimation for a
UWB-barometer integrated positioning system by introducing a pseudo reference update mechanism and the extended Kalman
filter (EKF). The proposed fusion approach effectively helps with sensing noise reduction and outlier restraint. The results from
numerical experiment investigations demonstrate that the accuracy and robustness of the proposed method achieved better
improvement in height determination.

1. Introduction

With mobile networks’ development, people’s demand for
positioning and navigation has increased rapidly, especially
in industrial applications with complex indoor facilities, such
as intelligent power supply stations, urban underground
trenches, and petrochemical plants [1]. Therefore, it has def-
inite practical meaning to perform real-time location moni-
toring and tracking for moving targets in these scenarios.
At present, ultra-wideband (UWB) network, radio frequency
identification technology, and laser scanner are popular
methods that provide indoor position information [2–5].
The UWB has high accuracy, strong stability, good antimul-
tipath effect, low transmitting power, and low radiation [6].
Theoretically, such advantages make it capable of acquiring
high precision three-dimensional position information in a
spacious place. However, there are many occlusions in

natural industrial environments, and the inside elevation is
usually limited. These existing factors block the UWB signal
in the vertical direction and significantly reduce height esti-
mation accuracy [7].

Different from the UWB network, a barometer does not
render three-dimensional location information. It only deter-
mines elevation through differential pressure calculation and
is widely used for outdoor field applications [8]. If this
barometer feature can be applied to UWB localization, it will
be an excellent complement. Barometers’ working manner
has no defective impact on the UWB network. Moreover,
its height estimates can make up when UWB failed to fetch
height information and improve system sensing reliability
[9, 10]. Usually, people first calibrate barometers to the value
of mean sea level [11]. However, unlike outdoor sensing, the
atmosphere inside a room changes little regarding the abso-
lute sea-level reference raising another challenge. One of
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the solutions is to set up a new pressure reference, then con-
duct differential pressure measurements based on this refer-
ence [12–14].

Many works have been done on this topic. Using differ-
ential calculation by two barometric sensors can make fore-
casted data more accurate [15, 16]. However, using two
barometric sensors for differential calculation also has some
disadvantages. For instance, barometric sensors require effec-
tive and frequent calibration to avoid long-term drifts, which
affects the final height estimation accuracy [17]. Thus, height

estimation’s long-term accuracy and stability relying on indi-
vidual pressure sensors are poor [18]. Considering these
shortcomings of a single technology, supplementing various
measurement advantages can achieve better position accu-
racy. The vertical height is underestimated due to the nonlin-
earity caused by the downward integration of the rotating
accelerometer [19]. However, extended Kalman filter (EKF)
can be used to apply the nonlinear Gaussian distribution
[20], then joint EKF can deal with the nonlinearity problem
to stabilize the height estimate.
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The main contributions in this paper are as follows.
To improve accuracy and robustness for indoor height

estimation, we propose a barometer-integrated UWB height
estimation method. The proposed method has greatly
improved the accuracy and stability of the estimated height.

During the height estimation, a pseudopressure refer-
ence update mechanism is proposed, and the scheme
enables the barometer to achieve better performance in
indoor environments.

The remainder of this article is organized as follows. The
proposed barometer-integrated UWB height estimation
method is depicted in Section 2. Section 3 illustrates the exper-
iment’s analyses and results. Section 4 shows conclusions.

2. Proposed Method for Height Estimation

Beacons in the 3D positioning system are installed on the
floor and ceil two layers. Positioning can be achieved by sam-

pling the selected beacons. However, when the elevation dif-
ference is limited and the floor beacons are blocked, the
fluctuation of elevation estimation is relatively large. It is
not easy to distinguish the upper and lower base stations on
some occasions, so that the height estimation cannot be
determined. Meanwhile, higher accuracy can be achieved
for a reasonable open topological structure. Once occurring,
outliers bring a tremendous challenge for positioning.

Decimeter level altitude estimation can be gained
through the double barometer differential method when high
precision air pressure sensors are adopted. However, the
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Figure 3: Static measured pressure with barometer for different durations. (a) Time duration is 10 seconds, (b) time duration is 30 seconds,
and (c) time duration is 120 seconds.

Table 1: Static barometer reading average and standard deviation in
10 s, 30 s, and 120 s.

Period 10 s 30 s 120 s

Ave (mbar) 1013.600 1013.621 1013.630

Std (mbar) 0.0231 0.0238 0.0243
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pressure deviation between barometers is not stable for a long
time, so the deviations between barometers need to be cor-
rected at intervals.

UWB signal has strong penetration ability and good anti-
multipath performance, especially in indoor or building

intensive environments. It can avoid the shielding effect,
and the short-term stability of the barometric pressure sensor
can benefit to assist the height estimation.

Aiming to improve the accuracy and reliability of mea-
surement in a vertical direction, a novel high-precision
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Figure 4: Measured pressure for barometer moving up and down within 50 cm.
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Figure 5: Pressure difference between two adjacent pressures.
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Figure 6: The deployment of 11 UWB anchors in the room with 14 ∗ 8 ∗ 3:5m3.
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three-dimensional positioning method based on the
fusion of ultrawideband and barometric pressure sensors
is proposed. In the proposed method, the single barome-
ter is adopted to eliminate device differences. In this sec-
tion, we first introduce the general mechanism of EKF,
then we describe how the barometer reference update
and data fuse in the proposed method, as illustrated in
Figure 1.

2.1. Extended Kalman Filter. EKF is used for nonlinear sys-
tems and noise models, which is a kind of the general Kalman
filter (KF) [21]. In the EKF, the state transformation model
and observation model are formulated by nonlinear func-
tions. These two nonlinear models are described as state tran-
sition model:

xk = f xk−1, uk‐1, sk‐1ð Þ sk ∼N 0,Qð Þ, ð1Þ

and observation model:

zk =w xk, vkð Þ  ∼ vkN 0, Rð Þ, ð2Þ

where f ð⋅Þ and wð⋅Þ are the nonlinear functions with xk−1,
uk−1, sk−1, and xk, vk, respectively. sk is system process noise
and zero-mean Gaussian process with covariance Q, and vk
is observation noise and zero-mean Gaussian process with
covariance R. uk denotes the input at time k − 1. xk and xk−1
represent the state variable at time k and k − 1, respectively.
zk is the measurement at time k.
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Figure 7: The estimated height with UWB anchors at different heights: (a) height = 0 cm, (b) height = 76 cm, and (c) height = 150 cm.

Table 2: Static barometer reading average and standard deviation at
different heights.

Ground truth 0 cm 76 cm 150 cm

Ave (cm) 1.99 67.08 133.61

Std (cm) 1.15 5.75 4.25

5Wireless Communications and Mobile Computing



Linearizing the two nonlinear Equations (1) and (2) by a
first-order Taylor series approximation at x̂k, then we get the
linear equations as follows:

xk = f x̂k−1, uk‐1, sk‐1ð Þ + Fk−1 xk−1 − x̂k−1ð Þ + Bk−1sk−1, ð3Þ

zk =w x̂k, vkð Þ +Wk xk − x̂kð Þ +Vkvk, ð4Þ

where Fk−1 and Bk‐1 are the Jacobian matrices of f ð⋅Þ with
respect to x̂k‐1 and sk−1, and Wk and Vk are the Jacobian
matrices of wð⋅Þ with respect to x̂k and vk.

In the height estimation, we suppose the process noise is
zero, therefore, f ðx̂k−1, uk‐1, sk‐1Þ in Equation (3) is the
estimated value x̂k at time k. wðx̂k, vkÞ in Equation (4) is the

estimated value ẑk at time k. Substitute x̂k and ẑkin the
Equations (3) and (4), state transition model and observation
model in the EKF can be expressed the linear function
as follows:

xk = x̂k + Fk−1 xk−1 − x̂k−1ð Þ + Bk−1sk−1, ð5Þ

zk = ẑk +Wk xk − x̂kð Þ +Vkvk: ð6Þ

EKF iterates in two major steps, the state prediction
can be gained as Equations (7) and (8) and the state
update as Equations (9) to (11).

x̂k k−1j = f x̂k−1, uk‐1, 0ð Þ, ð7Þ
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Figure 8: The estimated height of moving target: (a) target move at 130 cm height and (b) target moves up and down.
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Pk k−1j = Fk−1Pk−1Fk−1
T + Bk−1QBk−1

T : ð8Þ
In the prediction step, process noise is unknown,

state prediction x̂kjk−1 is calculated by supposing sk is
zero. Its covariance Pkjk−1 at time k is calculated through
Equations (8). Q denotes the estimated process noise
covariance, which is fixed in the paper. In this paper,
Q is the unit diagonal matrix.

Kk = Pk k−1j WT WPk k−1j WT + VkRVk

� �‐1
, ð9Þ

x̂k = x̂k k−1j + Kk zk −W x̂k k−1j , 0
� �� �

, ð10Þ

Pk = I − KkWð ÞPk k−1j : ð11Þ

In the update step, the measurement at time k is
taken into account. Kk is the Kalman gain, and it will
converge as the filter iterates. Outputs of EKF are the
optimal state x̂k and its covariance Pk which will be
considered as inputs of the next iteration. The estimated
state x̂k is the height hk.
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We deploy a barometer to estimate the system state
relying on the nonlinear model as Equation (10) shows,
and a UWB network to observe the system. Therefore,
EKF is a feasible approach to handle this nonlinear-
Gaussian fusion problem.

2.2. Pseudobarometeric Reference Establishment and Update.
As we all know, the atmospheric pressure will decrease with
the increase in altitude, and barometers can be used to obtain
altitude information. However, barometers are plagued by an
unpredicted environment whose accuracy could be at 0.5m,
but it can provide short-term stable measurement. By
considering UWB and barometers’ complementary features,
a 4-step mechanism to establish and update barometric
reference is realized in the paper as shown in Figure 2.

Step 1. Initialization: determine the first height h0 by trilatera-
tion algorithm according to UWB anchors.

Step 2. Reference pressure establishment.
The pressure P0 is determined from h0. Reference pres-

sure is updated through Equation (12).

Pref0 = 10∧ h0 − href
18410 ∗

273:15
273:15 + T0

� �
∗ P0, ð12Þ

where Pref0 is the calculated pressure at the pseudoreference
level, and T0 denotes the temperature at the initial measuring
point, href equals to zero.

Step 3. Height determination.

With the reference pressure Pref0, the pressure P1,
and temperature T1 measured by barometer at position
1, the estimated height Bh1 can be determined through

Equation (13). Here, the superscript letter B indicates
estimation inferred by barometer data.

Bh1 = 18410 ∗ 1 + T
273:15

� �
lg Pref0

P1
+ href , ð13Þ

where T is an average of T1 and T0.

Step 4. Reference update.

At position 1, UWB determines a Uh1 through trilateral
calculation. By combining Uh1 and

Bh1, the EKF outputs an
optimal estimation height ĥ1 with covariance H1. Similar to
the process in step 2, we calibrate the reference pressure
based on h1 through Equation (9).

According to EKF theory, the accuracy of h1 is higher
than h0, therefore, the updated reference pressure Pref1 is
closer to its true value.

3. Experimental Results

The experiments are mainly conducted in three parts. In the
first two parts, the stability and accuracy of the applied
barometer and UWB are tested, then the proposed fusion
method is tested in the last part.

3.1. Barometer. In the experiments, the barometric pressure
sensor (Swiss) MS5611 is used to measure the air pressure
and has a high-resolution barometric pressure sensor with
SPI and I2C bus interface introduced byMEAS (Switzerland).
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Figure 12: Estimated height at 0 cm with fusion UWB and barometric.

Table 3: Estimated height results at 0 cm.

Methods UWB Barometer UWB-Baro-EKF(proposed)

Ave (cm) 0 (GT) 0.82 0.16

Std (cm) 20.06 14.42 10.69
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First, we test the barometer’s static measurement by setting it
at a certain level and collect atmosphere pressure data in 10 s,
30 s, and 120 s shown in Figure 3. With measuring time
increases from 10 seconds to 120 seconds, the range where
data fluctuates becomes larger. Table 1 reflects the average
measurements and standard deviations. There is only little
figural change on moderate pressure, suggesting that the
barometer can maintain short-term stability. For long-term
measurement, a periodical calibration is required because
readings begin to disperse after 40 seconds.

We also test the barometer’s dynamic measurement by
the 50 cm range vertical reciprocating movement. Figure 4
shows the measured pressure as the barometer moves up
and down within 50 cm. Meanwhile, we do several times
experiments continuously to sample pressure. Figure 5
depicted the pressure difference between two adjacent pres-

sures. It can be seen that the barometer can effectively iden-
tify the up and down motion by measuring atmosphere
pressure and also have better stability. Moreover, the feature
of accordant pressure difference can help with outlier
removal and data refinery.

3.2. UWB Height Estimation. To validate the location perfor-
mance adopted by UWB, we conducted experiments on
static and moving targets, respectively. An indoor UWB net-
work with 11 anchors is installed in the room with 14 ∗ 8 ∗
3:5m3. The anchor deployment is distributed as Figure 6.

Figure 7 shows the location results of static targets at
0 cm, 76 cm, and 150 cm heights, respectively. It is shown
that the positioning results fluctuate around the real value,
especially at the height of 76 cm, and the accuracy can
reach decimeter level. When the static target is at 0 cm,
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Figure 14: Original UWB with outliers and estimated height with the proposed method.
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the estimated height error is 1.99 cm and variance is 1.15
cm. The estimated height error at 76 cm is 8.92 cm and its
variance is 5.75 cm. When the target lies at 150 cm, the
estimation height error is 16.39 cm and its variance is
4.25 cm. Table 2 depicted the estimated height and
variance.

Meanwhile, two experiments for a moving target are con-
ducted. One volunteer holds a tag at 130 cm height and walks
around. Other volunteer holds the tag up and down. Figure 8
described the positioning results of the moving target. It is

shown that the positioning accuracy reaches 30 cm with only
receiving UWB signals when the anchors are installed in a
reasonable and open topological environment.

Table 4: Estimated height results at 0 cm.

Methods UWB UWB-Baro-EKF (proposed)

Ave (cm) 151.77 150.677

Std (cm) 0.799 0.319
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However, when the target is located in an unreasonable
topology, the estimated height will occur on outliers, espe-
cially for 1-2 meters shown in Figure 8. The estimated height
only used UWB technology will be deteriorated.

3.3. Barometer-Assisted UWB Height Estimation. Assuming
the simulated height estimates from UWB is a zero-mean
Gaussian with standard deviation, we randomly generate
the estimated height with zero-mean and 20.06 cm variance
as shown in Figure 9. The barometric pressure sensor (Swiss)

MS5611 is located at 0 cm height, and its measured data are
shown in Figure 10. Figure 11 depicted the estimated height
with only barometer pressure sensor.

Following the proposed pseudo reference update and
EKF fusion, the standard deviation of estimated height
reduces from 20.06 cm to 10.69 cm as Figure 12. Table 3
includes the results of all three sets, indicating the significant
accuracy improvement.

In the robustness test, we consider errors over 1m from
single sensor as outliers and add such outliers randomly into

70

60

50

40

30

20

10

–10

–20

–30
0 200 400 600 800 1000 1200 1400

0

H
ei

gh
t e

rr
or

 (c
m

)

Samples

Method with UWB
Proposed method

Figure 18: Height error between the proposed method and method with only UWB at different height locations.

120

140

160

180

200

220

100
0 200 400 600 800 1000 1200 1400

H
ei

gh
t (

cm
)

Samples

Method with UWB
Proposed method

Figure 17: Height estimation between the proposed method and method with only UWB at different height locations.

11Wireless Communications and Mobile Computing



UWB simulation data. Figure 13(a) shows the UWB data
with single outlier. Figure 13(b) shows the estimated height
result with our proposed method. Figure 14(a) shows the
UWB data with synthetic outliers. Figure 14(b) shows the
estimated height result with our proposed method. It is
evident that output data are more concentrated, and outliers
are restrained.

Experiments show that the proposed method improved
the height estimation performance and solved the problem
that height positioning cannot be realized on some occasions.
The short-term stability of barometer is fully utilized to assist
UWB height estimation. Our method can suppress the
abnormal value of height estimation in pure ultrawideband
three-dimensional positioning, whether it is an isolated out-
lier or a continuous outlier. The requirement for frequent cal-
ibration of two differential pressure stations in traditional
differential altimetry is avoided.

In addition, to verify the effectiveness of the fusion
algorithm in the actual environment, the target located in
the same height and different heights, respectively, are tested.
First, the target is located at 150 cm in height. The height
estimation and error are shown in Figures 15 and 16.

Figure 15 demonstrates that the positioning accuracy
adopted by the proposed method is more improved than
the single UWB method. When the samples are about 650,
continuous outliers appear in UWB, and the proposed
method can effectively restrain the outliers. Figure 16 shows
the height errors between the proposed method and the
single UWB method.

Table 4 depicts the average estimated height and variance
with the proposed method and only UWB.

We also test the different heights of the target experi-
ments. First, the target is installed at 120 cm, then walking
by hand at 150 cm height, and then placed at 120 cm. The
height estimation and error in a state of moving are shown
in Figures 17 and 18.

The results show that the height accuracy of the proposed
methods is better when the target is located in the same high
position. However, when the target transfers from one alti-
tude to another, the positioning accuracy will deteriorate,
and outliers will appear with only UWB technology. Through
the proposed method, the height estimation can keep up with
the target position. The proposed method has better perfor-
mance than the single UWB method.

4. Conclusions

This paper proposes an altitude estimation method, which is
composed of UWB system and barometers. It can make a
reliable and accurate estimation. In this paper, some experi-
ments’ data have proved that this method can enhance height
direction measurement accuracy. In addition, a dynamic
indoor pressure reference is taken into account and has been
proven capable of providing more accurate sensing in com-
plex indoor situations. The improved robustness of the EKF
also has some limitations. However, it is still crucial to
reliably detect and remove outliers from UWB raw data.
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