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Abstract — Using barometer for height estimation often 

requires the use of external reference to correct biases in 

measurement. These biases are often caused by the change of 

ambient pressure environment. Barometric height estimation is 

especially challenging in tactical and rescue applications where 

high temperatures or sudden large pressure shocks can change 

the pressure rapidly. We assess the suitability of barometers for 

infrastructure-free navigation in tactical applications. First, this 

article investigates the effect of transition in seamless 

indoor/outdoor navigation. Second, we measure the effects of 

pressure shocks, caused by explosions or firearms, on low-cost 

and light weight microelectromechanical barometers to ensure 

that the sensors are capable of operating under these conditions. 

Finally, we investigate the use of sonar measurement to estimate 

vertical speed as an alternative to reference barometer for 

infrastructure-free navigation. Fusion of barometer and sonar 

achieved on average 0.46 m Root Mean Square Error (RMSE) 

while simple barometric height estimation had RMSE 0.65 m. 

Fusion method had no errors over 1.5 m during the test. This 

accuracy is generally sufficient to find the correct floor level 

which is crucial for tactical situational awareness. The goal of our 

research is to develop methods for seamless indoor/outdoor 

navigation and therefore the most important result of this work is 

that the error caused when transitioning between outdoor and 

indoor environments is visibly reduced. 

 
Index Terms — Altimetry, pressure measurement, indoor 

navigation, sensor fusion, sonar navigation 

I. INTRODUCTION 

ROVIDING rescue and military personnel with indoor 

navigation tools is a challenging but important topic [1]-

[4]. The goal of our research is to provide rescue and 

tactical operations infrastructure-free, seamless indoor/outdoor 

three-dimensional localization using sensor fusion [5], [6]. In 

infrastructure-free navigation preinstalled systems cannot be 

used so the user must be able to carry all the required sensors.  

This paper discusses seamless vertical navigation. Height is 

an important part of any indoor navigation solution. When 

navigating outdoors the height coordinate might be ignored 

because the user can determine their height from their 
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horizontal position with a terrain height model. In indoor 

navigation determining the height is more challenging. In a 

multistory building or in an underground tunnel the height of 

the user cannot be derived from the ground elevation. In fact 

the vertical accuracy requirement may be more stringent than 

the horizontal. A three meter error in horizontal position may 

still result to the user’s location being in the correct room. 

However, a three meter error in vertical position would result 

in a location on a wrong floor which may cause unacceptable 

delays in time critical missions such as first responder and 

tactical operations.  

Achieving better than half the floor height accuracy is rather 

demanding. Consumer grade Global Satellite Navigation 

System (GNSS) receivers cannot usually achieve vertical 

accuracy better than a few meters although this is rarely a 

problem outdoors. Air pressure on the other hand has long 

been used to determine height with relatively good accuracy 

[7]. Microelectromechanical Systems (MEMS) have made it 

possible to create relatively low-cost, small barometers only 

millimeters in size [8]. Usually in a barometer a small 

membrane is pushed from one side by the ambient pressure 

change. In a MEMS pressure sensors the deflection can be 

measured using for example the change in resistance of a 

piezoresistor attached to the membrane or using capacitive 

detection of position [9]. Barometers and other MEMS sensors 

such as Inertial Measurement Units (IMU) are attractive for 

navigation because of the small size that enables mounting 

them easily anywhere, for example the foot of the user [10].  

MEMS barometers have been used in navigation in many 

works either as a standalone measurement or fused to other 

sensor measurements (see for example [11]-[15]). However, 

barometer measurement is prone to bias and drift due to 

simplified atmospheric models, weather change during 

measurements, and other environmental effects. 

For indoor and pedestrian navigation applications 

barometric height has several noticeable drawbacks that are 

often mentioned. Firstly, portable and cheap MEMS 

barometers have large measurement noise and averaging is 

often necessary to achieve the desired precision [16], [14]. In 

[6] relative precision was found to be 0.15 m in barometric 

height difference estimate due to the measurement noise and 

other factors using the Xsens MTi-G-700 barometer. This 

instrument is a light weight portable MEMS GNSS/INS 

device with integrated barometer. Fortunately the sampling 

rate of MEMS barometers can be relatively high, for example 

50 Hz for the barometers in Xsens MTi-G-700 and Xsens 
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Awinda sensor also used in this study to represent lightweight 

and low cost MEMS barometer [17]. Large sampling rate 

makes filtering and smoothing of the measurement possible. 

Moreover these sensors are small enough that they are easily 

carried by a pedestrian. They can be controlled through a 

miniature PC and powered with lightweight batteries making 

the system very portable. 

In addition to usually noisy measurements barometric 

height often has an error caused by the change of the ambient 

air pressure during the operation. This change occurs naturally 

over time. For example there exists a regular daily variation of 

the air pressure comparable to the ocean tide. The variation is 

dependent on the latitude and its amplitude is approximately 

30 Pa in Polar Regions and up to 300 Pa in the tropics [18]. 

This change in air pressure leads to approximately 2.7 –

 26.5 m difference in barometric height estimate. In addition to 

this, there exist high and low pressure systems and local 

weather phenomena such as gusts of wind. Day to day changes 

in the air pressure are complex and variable, and floor level 

accuracy cannot be achieved if these variations are not taken 

into account. 

Because of the change in ambient air pressure most studies 

suggest using a reference barometer at a known height [12]–

[14], [19], [30] or multiple reference barometers in each floor 

of a building [20]. In [14] the absolute error was found to be 

bounded by 0.2 m but only after correction from reference 

barometer was made to account for changes in ambient 

pressure. Floor level accuracy was achieved with smart phone 

pressure sensors in [29] only after calibration with current sea 

level pressure from meteorological office and height from 

smart phone satellite navigation system. Using reference 

barometers requires both setting them up before measurements 

and a data connection between the barometers. Additional 

information, such as floor level from Wi-Fi positioning, is 

needed to calibrate the barometer in single barometer height 

estimation [21]. This kind of solution is not suitable for 

infrastructure-free applications, where the user cannot rely on 

preinstalled equipment on site or pre-existing knowledge of 

the location.  

Changes in local environment can also present problems 

that cannot be solved with the use of a reference barometer. 

Simply opening doors or windows near the sensor can cause 

air pressure to change causing significant errors in the height 

measurement [5], [19]. In [13] errors were observed up to 

1.4 m, caused by doors and windows opening in a building 

and people moving around the sensor. Also ventilation 

conditions cause noticeable errors: sensors placed inside a car 

experience errors when the windows are opened or the blower 

settings are changed [19]. Also extreme conditions, in which 

military and rescue personnel operate, create even more 

challenges to barometric height measurement [1] that have not 

been widely investigated. It is even stated in [22] that 

barometers are not recommended for applications such as 

rescue operations using self-contained localization in 

buildings.  

For infrastructure-free navigation, barometer still needs 

supporting sensor to give accurate height estimate for 

extended time. This supporting sensor might be INS which 

can also estimate height change from starting location. 

However, fusing IMU and barometer height estimates has 

usually been done to limit the cumulative error of the INS and 

not the other way around [14], [23]. 

The goal of this paper is to show that the challenges arising 

from environmental conditions in first responder or tactical 

operations can be overcome to achieve a floor level accuracy. 

The error caused by the transfer to a different environment in 

seamless indoor/outdoor navigation is studied in detail to 

determine the magnitude of this error. We also study the effect 

of explosions or firearms near the barometer in order to find 

out if the sensors are capable of operating in this kind of 

environment. As far as we know MEMS barometers for height 

navigation have not yet been tested for large pressure shocks 

caused by for example explosions. Finally the barometer 

height estimate is fused in a seamless indoor/outdoor 

navigation test with sonar range finder. We develop further the 

combination of sonar and barometer presented in [5] 

improving it now with new fusion method and testing it in a 

navigation scenario. Fusion of barometer and sonar for 

pedestrian navigation has not been extensively tested. 

Combination of sonar and barometer is studied also in for 

example [24] for drone altitude keeping but with two notable 

differences. Firstly, they use the barometer and sonar height 

estimates as complementary methods while we create a fusion 

of both. Secondly, like most other studies on barometric height 

estimation the barometer had a reference to account for 

changes in ambient pressure. We test the method to determine 

if the floor level accuracy from starting point can be achieved 

for extended time despite the challenges and without reference 

barometer. In infrastructure-free navigation the floor height 

may be unknown or difficult to define. In rescue and tactical 

operations the users may even be climbing on the walls or 

rooftops of buildings so height may have to be measured in 

meters instead of floor numbers. In any case, we aim for 

accuracy of 1.5 m or better which is half of a typical floor 

height. 

Section II explores the background of barometric height 

estimation and sonar sensors. Section III describes the 

methods used to study and test the barometric height in 

seamless indoor/outdoor navigation and fusion with sonar. 

Section IV discusses the test setup and the results. Finally the 

Section V discusses the achieved result and concludes this 

work.  

II. BACKGROUND 

This section presents the formulas that can be used to 

estimate the height from air pressure and we discuss some 

issues with the effect of temperature. On the second 

subsection the background of sonar in indoor navigation is 

briefly studied.  

A. Barometric height 

Using the Standard Atmosphere model [25] the relation 

between pressure p and height h is determined with the 

equation 
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if the height is between sea level and 86 km. Pressure pb is the 

pressure at the bottom of the reference height in pascals, hb is 

the height at the bottom of this reference height in meters, Tb 

is the temperature at the reference level in Kelvins, Lb is the 

temperature lapse rate in Kelvins per meter, g0 is the 

magnitude of the gravitational acceleration, M is the molar 

mass of air and R
*
 is the universal gas constant. Different 

layers of the atmosphere have different values for temperature 

lapse rate but for indoor navigation purposes only the lowest 

layer of the standard atmosphere (from 0 to 11 km) is 

considered here. 

If the temperature T in the layer is constant the temperature 

lapse rate equals zero and according to the atmospheric model 

used the relation between p and h may be presented as 
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Height h can be resolved if both the pressure p and pb and 

temperature T and Tb at the current height and at the reference 

height level are known – the solution which is used in all 

barometric altimeters. Equations (1) and (2) solved for h are 

presented below in (3) and (4) respectively. For further 

information on the atmospheric model see [25]. 
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In troposphere the temperature lapse rate according to this 

standard atmosphere model is approximately -0.0065 K/m so 

the temperature decreases when height increases. However, 

indoors the opposite may be true because warm air tends to 

stay in the upper levels of the building if air conditioning does 

not prevent this from happening. Therefore, the use of 

standard value for the temperature lapse rate in indoor 

navigation may lead to larger errors than simply using 

constant temperature. 

The difference between (3) and (4) above is not significant 

when height differences are low. In Fig. 1 the difference 

between the height estimates obtained from (3) and (4) using 

the same reference level pressure is plotted as a function of 

barometric height from (3). Nominal pressure 101325 Pa, 

temperature 288 K and temperature lapse rate -0.0065 K/m are 

used in (3). The difference is negligible for the first 100 m, 

being only approximately 0.11 % when the sensor is 100 m 

from reference level. The difference increases more rapidly 

the higher the distance from the reference level. Therefore, 

outdoors the temperature lapse rate should be used, if the 

current height is far from the calibration height, but it can lead 

to slightly erroneous results if the assumption of the standard 

atmosphere does not hold. 

Correct temperature needs to be used in the formula, 

otherwise the result may quickly become unusable, because in 

warm air the pressure decreases slightly less per meter when 

moving upwards. For example, nearly 1.5 m error at height 

20 m from 0 m if 20°C is used instead of 0°C using (4). This 

effect is even higher in extreme environments in which first 

responders may operate, such as house fires. 

Barometer bias, especially in low cost MEMS barometer 

measurements, needs to be removed. The bias is easily 

observed by comparing the measurements of several 

barometers placed next to each other (see for example [19]). 

Also in the temperature tests presented in this paper there is on 

average a 40 Pa systematic difference in the measurements of 

different barometers before bias correction. Bias can be 

determined by comparing the barometer measurements to an 

accurate reference barometer or calibrating the barometer at a 

known height. 

  
Fig. 1. Height difference of results from equations (3) and (4) at the same 

pressure height. The horizontal axis is the pressure height from (3) using lapse 

rate -0.0065 K/m and nominal sea level pressure and temperature. 

B. Sonar in navigation 

Sonar sensor uses sound waves to make a range 

measurement to an object based on the time of flight of the 

sound signal. Sonars are commonly used in underwater 

applications but have been used also successfully in 

navigating indoor spaces, for example in [24] and [26]. Sonar 

measures relative distance but the measurement is self-

contained so they can be used for infrastructure-free 

navigation. Size of the sensor can be only some tens of 

millimeters and they are easily powered by portable batteries, 

while giving a measurement range in the order of ten meters. 

 
Fig. 2. The average distance measured by sonar (red dotted line) mounted 

under a backpack increases by Δh when ascending steps. Similarly it 

decreases when descending steps. 



DOI: 10.1109/TIM.2018.2863978 4 

In [5] single sonar rangefinder carried by the user points 

downwards and measures the distance to the floor. They show 

that this distance stays relatively constant except when 

ascending or descending, for example in stairs, in which case 

the distance increases or decreases respectively. The method is 

illustrated in Fig. 2. 

III. METHODS 

This section of the paper describes a mathematical model 

for combining barometer measurement with sonar 

measurement. This model will be used in tests to assess the 

accuracy of our infrastructure-free height estimation. Later in 

this section the measurement noise of barometer and sonar are 

discussed. 

A. Kalman filter fusion of sonar and barometer observations 

In this section we discuss an algorithm to combine sonar as 

an independent sensor to the height estimation based on 

barometer measurements during seamless indoor/outdoor 

navigation. Here the sonar is used in a similar manner as in 

[5], in a sense that it is used to detect whether the user is 

ascending or descending. This is illustrated in Fig. 2. 

However, the fusion method used here is different.  

The model used in this study to combine barometric height 

estimate with sonar observations is based on Kalman filter. 

The model makes an assumption that there is a bias in the 

barometric height measurement that is caused mostly by 

moving from one pressure environment to a different one for 

example when moving in to a building. These changes are 

relatively fast. To detect the bias in the barometric height, 

sonar is used to obtain a speed measurement that is 

independent from the barometer. In short, if the barometer 

measures a sudden change that would indicate height change 

but the sonar observes no change in the vertical speed, the bias 

term changes and the true height can be obtained from the 

difference of barometric height and the bias term. This fusion 

algorithm is presented as a flowchart in Fig. 3. 

The state xk that is estimated in the model at time k is 
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where hk is the true height from the reference level, bk is the 

bias in the barometer height estimate and vk is the vertical 

speed. The system matrix A which predicts the next state is 
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where Δt is the length of the time step.  

The true height cannot be directly measured but the barometric 

height can and in the model the barometric height is the sum 

of true height and a bias term. Vertical speed can be estimated 

from the sonar measurement based on the change in 

measurement illustrated in Fig. 2.  The measurement vector yk 

 
Fig. 3. Flowchart of the presented Kalman filter fusion for height. 

 

at the time k is  
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where h+b is the biased height estimate from barometric 

pressure and vs is the speed estimate from sonar. The 

measurement is related to the state via (8) 
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where the measurement matrix H is 

 
1 1 0

0 0 1
H

 
  
 

  (0) 

These are processed with Kalman filter equations. For further 

information on the Kalman filter see for example [27]. The 

algorithm developed here will be tested in an indoor 

navigation test scenario where test person moves between 

indoor/outdoor environments on different levels of a building.  

B. Barometer and sonar measurement noise 

In the scope of this article we make the fusion of barometer 

and sonar as an intermediate step to reduce the time to 

compute the final 3D position solution. For fusing the 

barometer and sonar, Kalman filter is adequate and fast 

solution. Our final goal is to use these methods to produce 3D-

position. For 3D-position we will fuse the results of the 

Kalman filter in another fusion algorithm such as the particle 

filter presented in [28]. 

In the Kalman filter the error distribution should be 

Gaussian. To validate this assumption we measured the 

difference of two MEMS barometers placed next to each 

other. Measurements were made for 300 seconds with 50 Hz 

rate. We then calculated the difference in measurements of 

these two sensors which removes the environmental effects 

from the measurements and only the noise of both sensors is 

left. The histogram of differences in measurements of the two 
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Fig. 4. Histogram of barometer noise obtained by calculating the difference of 

two barometers measuring side by side in indoor environment. Plotted in red 

is the normal distribution fitted to data. 

 

sensors is presented in Fig. 4. A normal distribution fitted to 

this data is drawn in red in Fig. 4 and represents this histogram 

well. The distribution is not zero mean because systematic 

difference was not removed. The dominant component of 

noise is nevertheless Gaussian. 

To validate the error distribution of sonar we also measured 

constant distance with our sonar range finder. We measured a 

distance of 1.4 m with the sonar for 311 s at approximately 8.3 

Hz. Histogram of error is plotted in Fig. 5 with fitted normal 

distribution. The sonar has resolution of 1 mm and the noise 

standard deviation is in the same order which makes the 

histogram difficult to interpret but the noise appears to be 

approximately Gaussian. The error is not zero mean since 

there is approximately 10 mm bias in that is mainly due to 

sensor placement inside the measurement device but this can 

be largely ignored for distance difference measurement.  

In practice, the measurement noise in dynamic conditions is 

much higher than what could be estimated from the variance 

in static conditions. The measurement noise values used in the 

Kalman filter were estimated based on experimentation with 

the data. In navigation tests that are presented in the chapter 

IV-C below we noticed a lot of errors that were not properly 

estimated only with sensor measurement noise or the 

barometer height estimate bias in the calculations. For sonar 

this error is probably due to movement of the person carrying 

the device. As explained later in chapter IV-C we attempt to 

exclude outliers from the sonar calculation to ensure Gaussian 

error distribution. Nevertheless, we increase the variances in 

measurements based on experimentation. 

IV. TEST RESULTS 

This paper studies two barometric height estimate error 

sources in detail: how temperature difference and large but 

short pressure shocks affect seamless indoor/outdoor 

navigation. We performed three distinct tests. First, we test the 

effect of temperature difference in transition between indoor 

and outdoor spaces to seamless barometer height 

 
Fig. 5. Histogram of sonar measurement noise obtained by measuring a 

distance of 1.4 m to a wall in static conditions. Non-zero mean is mainly due 

to bias in sensor location inside the device. 

 

measurement. Second, the effect of large pressure shocks 

produced by explosion or firearms is studied. Third, a 

seamless indoor/outdoor navigation test is conducted to 

estimate the accuracy of our barometer sonar fusion. This 

infrastructure-free fusion method should solve the issues 

tested in first two tests. 

A. The effect of transition between indoor and outdoor spaces 

We investigate the effect of temperature difference to 

seamless barometer height measurement in indoor/outdoor 

navigation in three tests with different outside temperatures. 

Test setup and location in each test was the same. We 

deliberately did not change other things in the test 

surroundings to find if the temperature has systematic effect. 

The setup consisted of three wireless Xsens Awinda IMUs 

[17] that also have an integrated barometer inside. The sensor 

units were wirelessly connected to a laptop recording their 

pressure measurements. One sensor unit was deployed inside 

the building, another one outside the building, and then third 

sensor was mobile, namely carried by the user navigating 

indoors and outdoors. The objective was to find how much the 

barometric height increases or decreases when moving from 

one environment to another when true height does not change. 

We want to discover if this observed height change would be 

related to the temperature difference between the 

environments. If this effect was in some way regular then it 

could be corrected for and used to detect the current 

environment. 

The tests lasted approximately 40 minutes each. Because 

there is a bias in each sensor, the difference in measurement 

between sensors was determined by measuring the pressure 

indoors at the same height at the beginning of the test. 

Thereby, we obtained an average value of three sensors during 

five minutes of measurement that was used as a reference 

value. Then two sensors, the outside pressure reference sensor 

and mobile sensor were taken outside. After another five 

minutes, the mobile sensor was taken inside and left static for 

five minutes. It was then taken outside twice more, for at least  
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Fig. 6. Barometric height from three different sensors at constant altitude but 

different environments. Outdoor (white background) and indoor (grey 

background) areas refer to the location of the mobile barometer. 

 
TABLE I 

Temperature [°C] Measurement difference [m] 

 

Outdoors 

 

Indoors 

Outdoor sensor – 

indoor sensor 

Mobile sensor – 

indoor sensor 

-1 21 1.1 0.6 

10 20 1.6 0.6 

24 25 1.4 1.7 

 

five minutes each time to observe the change caused by 

moving the barometer from one environment to another. 

Similar tests were repeated on three different dates with 

different outdoor temperatures. Indoor temperature stayed 

relatively same for all tests. Temperatures during the tests can 

be seen in the Table 1 below. The outside temperature -1 °C in 

the first test was actually one degree below the recommended 

use temperature but the sensors seemed to function normally 

during the whole test [17]. The test site was not in direct 

sunlight except in the third test. During the third test reflected 

sunlight from high glass windows of the building may have 

caused higher than expected temperature reading. Temperature 

was measured right next to sensors. The sensors were kept far 

enough from the door in both locations so that draft was not an 

issue. 

Fig. 6 shows barometric height plot from three different 

sensors in the first test. Yellow and blue plots show the height 

observed using the static sensors indoors and outdoors, 

respectively. Red plot shows the measurements from the 

mobile sensor kept at nearly constant height. There is a clear 

difference between the outdoor and indoor sensors and a clear 

drop in calculated height when the mobile sensor is moved 

outdoors. The drop is due to the higher pressure. The mobile 

sensor does not quite reach the level of the outdoor barometer. 

This may be because temperature inside the sensor did not 

have time to equalize with the outdoor environment. The 

average results from all tests are presented in Table 1. 

There is approximately 0.5 m change in estimated height in 

the indoor sensor estimate between the last and the first 

measurement. This is due to change in ambient indoor 

pressure. This change is probably due to ventilation, air 

conditioning, or similar reasons. Removing this effect is not 

possible due to it being different than the effect caused by 

weather change. Change in ambient pressure is the problem  

 
Fig. 7. Practice ammunition used in pressure shock tests. 

 

why additional sensors are required to ensure stability of 

height measurement. 

Objective of the test was to see if the difference in 

barometric height would be related only to the temperature 

difference between the environments. However, there does not 

seem to be a clear relation.  Other factors such as air 

conditioning inside the building are likely a more significant 

factor than the temperature change. This test shows that 

another sensor or method is needed to estimate the error 

caused by environment change. 

B. Pressure shock tests 

In this test we studied pressure shocks and their effect to 

height navigation. Practice rifle cartridges and thrown 

grenades were used to simulate pressure shock that would be 

caused by explosion or a firearm. Practice ammunition can be 

seen in Fig. 7. This test was done in collaboration with the 

Finnish Defence Forces. Objective was to study if large or 

persistent errors to barometric height measurement would be 

introduced in critical tactical operations. Practice ammunition 

has sound and the pressure blast comparable to firing an actual 

cartridge but causes no damage to the surroundings. 

Two test persons were equipped with Xsens Awinda sensor 

units containing barometer sensors. Both had one sensor 

attached to their front chest and one on both feet. We chose 

this setup to be the same as when doing navigation tests. 

Practice ammunition was then used at a certain distance from 

the test persons and their sensors. 

Results from open hall area shown in Fig. 8 measured by 

one chest mounted sensor unit are plotted in Fig. 9. This data 

is from the person standing near the shooter. The air pressure 

in millibars (mbar) is plotted with blue line and the times 

when the pressure shocks were caused by a firearm are 

designated with upward pointing triangles on the Fig. 9. The 

two first blasts, indicated with triangles in the image, are from 

5 m from the source. The third and fourth blasts are from 15 m 

away. The fifth and sixth are from practice thrown grenade 

going off 4 m from the sensor. The third to sixth blasts are 

hard to detect on the pressure plot because the effect is almost 

buried under sensor noise. 
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Fig. 8. Open hall area where pressure shocks were tested. 

 
 

 
Fig. 9. Pressure measurement during large but short pressure shocks in large 

open hall area. The blue line plots the pressure and black upward pointing 

triangles mark the times of pressure shock from a firearm. First and second are 

measured 5 meters from the source, third and fourth 15 meters from the source 

and fifth and sixth 4 meters from the source. 

 

Second part of the test was done in a confined hallway 

approximately 10 m in length and less than two meters wide, 

shown in Fig. 10. Resulting pressure measurements from one 

of the sensor units are plotted in Fig. 11. Again the pressure 

shocks are marked with upward pointing triangles. This time 

each instance is noticeable. The first four are from rifle 

cartridges and the last four are from thrown grenades but the 

effects are very similar. The first, second, fifth and sixth were 

measured 5 m from the source and the rest are ten meters from 

the source but the distance does not seem to have an effect in  

such a confined space. The effect is probably so short that the 

instrument is saturated and might not give an accurate reading. 

The amount of testing was deemed adequate since we did 

not find any adverse effects to barometer measurement from 

the pressure shock, except the very short increase and decrease 

in measured pressure. Most importantly, the blasts do not 

cause persistent errors to the pressure measurement even when 

the shock happens close to the sensor. Moreover, the sensors 

also survived the tests unharmed.  With high sample rate the 

outliers are relatively easy to ignore by averaging the data. As 

future work the result could be improved by implementing 

some sort of outlier detector that removes values too high to 

be possible such as in [20] for eliminating the quick sharp 

shocks caused by gunfire. 

 
Fig. 10. Confined hallway area where pressure shocks were tested. 

 

 
Fig. 11. Pressure measurement during large but short pressure blasts in 

confined hallway. The blue line plots the pressure and black upward pointing 

triangles mark the times of pressure blasts from a firearm. In the four first 

blasts two rounds are fired consecutively. First, second, fifth and sixth are 

measured 5 meters from the source and the rest 10 meters from the source. 

C. Navigation tests 

We performed seamless indoor/outdoor navigation tests at 

Aalto university campus area, Espoo, Finland.  In this paper 

we discuss the vertical navigation solution. This test used 

Novatel navigation system consisting of tactical grade IMU, 

and GNSS receiver and antenna as a reference that was 

initialized outside. Measurement of these sensors was post 

processed with smoothing in Inertial Explorer software to 

obtain reference. The INS/GNSS system was carried in a 

backpack. Reference system did not have a barometer. Indoors  

GNSS signals are not available. We measured differences in 

floor levels with tape measure and presumed the surfaces 

nearly level. Floor levels may have some variation but we 

estimate that the reference has better than 0.1 m accuracy 

since the site was built environment. Reference level was not 

considered in stairs and other areas where it was difficult to 

determine the level accurately. Even outdoors, only places 

where the system could stay on a level surface were used as 

reference. On average, 66 % of the data had reliable reference 

height. The start of the test was defined as zero height level 

and rest of the reference heights are in relation to this zero 

level. In this test we measured the height in meters instead of 

floor numbers. The floor height in the building was over 4 m 

in certain places and floor detection would be simple. In 

addition our target application is infrastructure-free navigation 

where map of the building is not necessarily available. 
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TABLE II 

Test 

number 

Test 

person 

Barometric height Fused height 

RMSE [m] |e| > 1.5 m 

[%] 

RMSE [m] |e| > 1.5 m 

[%] 

1 1 0.56 0 0.44 0 

2 1 0.49 1.7 0.62 0 

3 2 0.79 0.8 0.36 0 

4 2 0.75 4.1 0.42 0 

 

The test equipment consisted of a barometer for air pressure 

measurement and a sonar range finder for vertical speed 

measurement. Barometer was mounted on a left shoulder strap 

and the sonar was located under the backpack pointing directly 

downwards as was shown in Fig. 2.  Relative location of the 

sonar and barometer does not matter since the sonar is only 

used for speed estimate. Relative location of the reference 

system and the barometer was calibrated in the beginning of 

the test. 

The test started outside the doors of a large building. The 

route travelled indoors, through hallways, lobby area and 

stairs, out of the building for several minutes and then back 

inside, and ended on the same height level where it started. 

The total length of the route was approximately 750 meters 

and the test lasted on average 11 minutes. Two persons 

performed the test and each walked through the route twice 

amounting to four sets of data. The sensors recorded the 

barometer readings and sonar distance measurements to the 

floor. Because the sonar is located behind the person, the 

distance increases when they are moving up and decreases 

when they are moving down and the difference from a general 

mean is a relatively good measure of vertical speed. 

The sonar has a measurement range from 0.6 m to 5 m. 

Occasionally, the sonar makes an erroneous measurement due 

to multipath or large change of sonar angle due to user’s 

irregular movement. These are excluded from the results 

because they are most likely blunders. The sonar was mounted 

approximately one meter from the ground so measurements 

smaller than 0.61 m or larger than 1.3 m were removed. This 

data was then averaged over one second. The sonar 

measurement rate is approximately 8 Hz. Average of all 

measurements is close to the distance from the sonar to the 

ground when the test person is standing on a level surface. The 

total average was subtracted from each measurement to get 

zero mean values. This was possible because the analysis was 

done on post processing. For real time application a moving 

average of most recent values or similar could be used. 

Data from barometer, which operated at the rate of 50 Hz, 

was averaged over one second to reduce measurement noise. 

One second interval for averaging was chosen based on 

experimentation. This one second time has enough sonar and 

barometer observations to reduce measurement noise and is 

sufficient update rate for location in tactical applications. 

Barometric height was then calculated from the pressure 

values using (4). Starting height was known so the sensor was 

calibrated at the start of the test. These height measurements 

together with sonar observations were used in the Kalman 

filter described above in chapter III-B producing a fused 

height solution and estimate of the barometer bias. The fused 

 
Fig. 12. Barometric height and the Kalman filtered fusion of barometer and 

sonar compared to reference height track in test  number 4. The grey areas 

mark the time the test person was indoors and the rest of the time the person 

was outdoors 

 
Fig. 13. Detail of Fig. 12 from the first 100 seconds. The transition from 

outdoors to indoors happens at the line of white and grey area. As the black 

line indicates, the height should not change but a bias is caused to barometer 

measurement. 

 

result and simple one second average of barometric height 

were compared to the reference level where available. Root 

mean square error (RMSE) of both height measures was 

calculated. Also the number of measurements that had 

absolute error greater than 1.5 m error was considered. Errors 

smaller than this are usually acceptable because correct floor 

number can still be identified. Even in our case where the 

floor number is not used, the user can at least find their way 

back to starting level if the error remains approximately within 

-1.5 and 1.5 m. These RMSE and percentage of larger than 1.5 

meter absolute errors from all observations that had reference 

are in the Table II for all four tests respectively. The fused 

height is slightly more accurate in all but one test case. In 

addition, the fused height has no absolute errors larger than 

1.5 meters while in all but one test case the barometric height 

has them, including the test number 2 with test person 1 where 

barometric height is more accurate than fused height.  

The vertical height plot from test number 3 is presented in 

Fig. 12. This height plot is an example of how the fused 

barometric and sonar height estimate and plain barometric 

height estimate differ from each other. In this figure the fused 

height plotted in blue is most of the time closer to the black 

lines of reference height levels than the barometric height 
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estimate plotted in red is – especially indoors. 

The fused height improves the overall accuracy in three 

cases out of four but more importantly, it reduces the error 

when transitioning from one pressure environment to another. 

In Fig. 13 is a detail from the Fig. 12 above where the test 

person enters the building for the first time. The barometric 

height increases approximately 0.5 m based on the plot even 

though the true height has not changed. The fusion removes 

most of this error. This repeats in every test and during most 

transitions between indoor/outdoor environments. The height 

accuracy is not quite as high as for example 0.2 m in [14] but 

comparable for the duration of the test and we achieve this 

without a reference barometer. Also we achieve the floor level 

height, which was not achieved in [29] without calibration 

from reference barometer information. We have not found 

similar results in the literature produced without a reference 

barometer. 

It also seems that the fusion has removed some of the error 

related to weather change. In Fig. 12 at the end of the test the 

final elevation should be zero and there is larger loop closure 

error on the barometric height than there is on the fused 

height. The fused height being closer to the true height, is 

probably due to some of the effect of ambient air pressure 

change getting removed in the fusion. Also in the tests done 

by test person 2 the barometric height produces less accurate 

results than during the tests done by test person 1 while the 

accuracy of the fused height is not degraded. Reason for the 

higher RMSE in the barometric height during the tests of 

person 2 may be higher variation of ambient pressure at the 

time of the test. Changing of the test person should not affect 

barometric height since it is simply the height estimate from 

the carried pressure sensor. The fusion method is therefore 

working exactly when it should, that is, when the barometer 

only cannot provide reliable height estimate due to the 

environmental effects on air pressure. 

In Fig. 14 the proposed fusion method in test number 3 is 

compared to GNSS/INS height solution indoors. This is the 

system that was used to obtain the reference height level 

outdoors and it did not have barometer for height estimation. 

The GNSS/INS height result was obtained using forward and 

backward processing and smoothing in Inertial Explorer 

software and was not real time solution. Fig. 14 shows why 

floor level heights were used indoors for reference instead of 

inertial navigation. The height solution of the INS has meter 

level errors and level surfaces are not measured level. Result is 

good outdoors when good post processed GNSS solution can 

be obtained. 

The fusion of barometer and sonar appears to be more 

feasible than even a tactical grade INS. Moreover, the 

barometers and sonars are lighter and require less power than 

tactical grade INS. Sensor containing barometer and sonar 

weigh approximately 16 g each. Both sensors and miniature 

computer recording their data were powered by portable 

6000 mAh battery for several hours. The whole system 

weighed less than 1 kg and contained also other navigation 

sensors not used in this test. The system was not even 

optimized for weight and power consumption and there is still 

 
Fig. 14. Comparison of the height solution of barometer-sonar fusion 

presented in this paper and post processed and smoothed height solution from 

a commercial tactical grade INS/GNSS system. Both are from test number 3. 

INS/GNSS solution is obtained with commercial software and is processed 

both forward and backward and smoothing the end result. 

 

room for improvement. On the other hand the tactical grade 

INS alone weighs approximately 2 kg excluding the 12V 

battery that was required to power it. 

V. CONCLUSIONS 

MEMS barometers seem to be able to handle pressure shock 

and can be used in seamless indoor/outdoor navigation with 

sensor fusion. In this study two different barometer error 

sources were investigated in detail: the temperature 

differentials and sudden sharp pressure shocks such as the 

ones created by firearms. The height error that happens due to 

moving between indoor/outdoor spaces does not seem to be 

related to temperature difference of the two environments. 

Nevertheless, there is a definite change in pressure each time 

the transition is made. The change is present in all tests and 

leads to approximately 1 m errors in height measurement. 

Large but short pressure shocks were tested by using firearms 

close to the sensors. These do not seem to cause any harm or 

cumulative errors on the MEMS barometers in the test, and the 

effect is so short that it is effectively filtered out by averaging.  

Navigation tests have shown that while a single barometer 

may not be enough for seamless navigation between different 

environments, a reference barometer is not necessarily needed. 

Here we presented a method to use sonar range finder for 

vertical speed estimation and fusing the estimate with 

barometric height estimate in a Kalman filter. This fusion 

makes it possible to estimate the error caused by the transition 

between indoor and outdoor environments. 

The fusion of barometer and sonar showed to produce more 

accurate vertical position results compared to estimating 

height based solely on barometer.  The filtered result had in 

four tests on average 0.19 m better RMSE than barometer only 

and had no absolute errors exceeding 1.5 m. While differential 

barometry height estimates in literature have even higher 

accuracy, the relative height estimate from the fusion of sonar 

and barometer is better than tactical grade inertial navigation 

system carried by a pedestrian while still being infrastructure-

free solution. We tested the method in infrastructure-free 

navigation case where the layout and floor height of the 
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building was unknown so height in meters is the only 

elevation information available. Our system does not currently 

calculate the floor number but this will be possible if floor 

height information is input to the system. However, the height 

in meters may be more useful than the floor number in certain 

situations. In rescue and tactical applications the floor number 

might be misleading or not available when the user is for 

example climbing the side of a building or on the rooftop. 

Either way, the presented method should provide height with 

more than half the typical floor height, which is 1.5 m, for at 

least ten minutes without any outside reference.  

The method is promising for applications where 

infrastructure-free navigation is required such as first 

responder and tactical operations. Also, a large detected height 

difference bias can be used to determine the transition between 

indoors and outdoors. This enables computation of the vertical 

position in seamless indoor/outdoor navigation. Future work 

could test fusing the barometer and sonar with even more 

sensors such as MEMS IMUs and visual navigation that can 

be used to obtain 3D position. 
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