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Abstract— We demonstrate a low-cost, low-power, and small
form factor solution to drift-free high-resolution vertical
positioning by fusing MEMS accelerometers with MEMS
barometric altimeter. In this system, the highly responsive but
drift-prone aspect of the MEMS accelerometers is abilized by
barometric altimeter and high-fidelity height tracking is achieved.
Typical vertical human movements such as walking upr down a
staircase can be tracked in real-time with this syem. The height
tracking performance is benchmarked against a refeence system
using a tactical-grade IMU and an error analysis igerformed.

I. INTRODUCTION

Barometric altimeters along with radar altimetesé been
used to aid Inertial Navigation Systems (INS) irder to
stabilize the vertical position estimates for apgions in
aviation [3,4]. For human motion characterizatibarometric
altimeters have been used in classifying the \ertitovement
patterns into moving up, down, or remaining levél2].
Recently, a pedestrian navigation system integyatBPS,
MEMS IMU (Inertial Measurement Unit),
altimeter, and transponder demonstrated stableoifolatdoor
pedestrian position tracking, in which a baromesitimeter
and transponders were used to stabilize dead-reukoof
IMU indoors [6]. In this paper, we demonstrate tdfiiée high-
resolution vertical positioning using MEMS IMU fusavith
complementary MEMS barometric  altimeter
indoor/outdoor applications under dynamics typfoalhuman
movements. Using a low-cost MEMS Attitude and Hegdi
Reference System (AHRS) with integrated GPS
barometric altimeter, we show how a barometriaradter can
be used to stabilize the drift-prone double-intégra of
accelerometer signals in real-time, while retainihg highly
dynamic and responsive characteristic of the aooeleters
which is useful in identifying different movement this
article we focus on tracking relative changes iigte and not
the absolute height, in order to isolate the emsources.
Absolute height calibration can be performed usBS or
other methods [6]. The barometric altimeter is Hiesto
fluctuations in atmospheric pressure which oftesults in
undesired height drift. We use a reference baramaltimeter
as a possible solution to mitigate the weatheiceffe

The performance of height tracking is compared resjaa
reference system consisting of a tactical-grade .IMUWis
system enables measurement of accuracy on samysianiyle

and

basis and helps to optimize the Kalman filter thetes the
individual sensor signals. Since the referenceegsystlso
measures the orientation error, the effect of ¢aigon error
on the height estimation is also analyzed.

Il. METHODS

A. System Description Overview

We use an Xsens MTi-G sensor, which is a miniaMIEMS
Attitude and Heading Reference System (AHRS) caoirtgi
3D gyroscopes, 3D accelerometers, 3D magnetometésf,S
receiver and a barometric altimeter. Since we agniy
interested in demonstrating the fusion of acceletemand the
barometric altimeter, we ignore the GPS data anty on
consider the orientation, accelerometer, and baemuata.
The approach will be to compute the change in heigh
double-integrating accelerometer signal and stabdi it with
the relative height measurement obtained from arbetric
altimeter using a Kalman filter. We show that thisnbination

barometric 9ives stable high-resolution height measurementslemun

dynamic conditions typical of human movements. @ithh it
is possible to use the absolute altitude infornmafiom the
GPS receiver to calibrate the relative barometraghit
measurements, we confine ourselves to trackingtivela
changes in height.

for B, Integration of acceleration

The accelerometer signal.{) contains the acceleration minus
the gravity vector in the sensor frame. The vektica
acceleration is computed by considering the acoeleter
signal in the direction of the vertical and additige
acceleration due to gravity;

(1)
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a= Zyacc+g_

Z||y.odcosg + g

wherez is the direction of the vertical vector in the sen
reference frame obtained from the AHRS directly.eTh
parameterg is the local value of the acceleration due to
gravity, and is the angle betweery,. and z. The
acceleration vector in the sensor frame, howewstains bias
and gain errors due to temperature calibrationrgrrbias
instability, and etc. The effect of those errors thie net
vertical acceleration in the global frame can bsualized in
Fig. 1. Note that the situation depicted is at,rdsis no net
acceleration is present.



A For typical human movements, the acceleration dugravity
is the dominant component in the accelerometer akign
z causing’z andy... to be roughly parallel in Fig. 1. Because of
this, the small-angle approximation for the cosfoaction
,,,,,,,,,,,,,,,,,, dictates that small errors in inclination have oalynoderate
effect on the computed vertical acceleration thenhtorizontal
acceleration. In the presence of large horizontakkeration,
however, even a small orientation error would gaveizable
error in the vertical acceleration. Heading errbige no
Yoo adverse effect for height estimation.

The projection of accelerometer bias vector on wbdical,

however, is directly proportional to the magnituafethe bias
q vector. An accelerometer with bias instability ofnty can still

yield %2 (0.01m/3(100sf = 50 m of large height drift only

after 100 seconds. Likewise, the under- or overegion in

a the local value of acceleration due to gravitfy, also has a

direct effect on the net acceleration estimatiore Stall see
that those components dominate the error in heigtimnation
when the accelerometer noise is not an importabfaln the
absence of orientation error, accelerometer gaioreand
accelerometer bias, the height error would be guteé to the
random walk process of the accelerometer nois¢higncase,
the standard deviation of the height error is aosderder
random walk process whose standard deviation is
characterized by (t) = t¥%sqrt(T/3), where is the noise
density of the accelerometer, t is the time, and the sample
period.

\j

Figure 1: The effect of accelerometer bias and gaiarror
on the net vertical acceleration.

Here the temperature calibrated accelerometer Isigga
modeled as;

yacc = Kg 0 +b +n (2) . .
Thus the accelerometer bias and local value oflacd®n

h is the t it tor that id b ired due to gravity are important parameters which neede
\t/t\:erego IS fe rugf ?rr]aV|yvec or al.\éVOltJ. ege.astjhre accurately estimated in order to obtain reasonable
€ sensor frame 1t there were no calibration s{adris the performance. In a tightly-coupled system of IMU and

gain error also expressed Ks= (I+D), with | the identity 5.5 metric altimeter, those parameters can be agidnas a
matrix andD a diagonal matrixp is the accelerometer bias kiman state, but since we are limiting ourselvesehio a
vector expressed in the sensor frame, @ansd additive white loosely-coupled system we treat the acceleromédsrand the
Gaussian noise. The apparent net vertical accelerag |ocal value of acceleration due to gravity as camist which
including gain and bias errors, is then (ignorihg effect of need to be estimated beforehand. The acceleromieerand
noise); acceleration due to gravity can be estimated froeasuring
several static orientations and assuming the mad@)).

= S7-0= + S7-
€Yo 20 (Kgo b) 9 C. Relative Barometric Height Measurement

=(1+ )go “z+b *z-(g,+ dg) () When the pressure sensor is used as altimetemteasures
=g,(cosg- I+ Dg cog+ bcos- d change in height, the pressure as measured in IP&sca
converted to change in height in meters by [5];

whereg = g + & is the locally assumed value of acceleration ot

due to gravity. Note that = | | and gy = [go|. The true P

magnitude of acceleration due to gravity iswdnile the error [h=44330x 1- P “ N ()

in the assumed value ig. The first term in (3) is the effect of °

orientation error, the second term is due to thakination of

gain error and orientation error, the third ternthis effect of Wherehy,; is calculated aPi,; andPy is the standard pressure

bias, and the last term is the error in assumedevaf local defined as 101.325 kPa. The height measurement contains

acceleration due to gravity. Ignoring the gain emerm and thermal noise and a significant amount of quantization noise

using an approximatiocosy » 1-g%2 leads to; due to a relatively coarse resolution of about 0.2 m. These gi

the overall noise standard deviation of about 1 m at an update
9.0 rate of 7 Hz. In order to obtain an accuracy of 0.1 m usiag th
e=- OT+ bcosa- dg (4) barometric altimeter alone, several seconds of averaging



would be necessary. Therefore, relatively high noise level amdegration of the vertical acceleration given by the reference
low update rate make it unsuitable for tracking highly dynamiéU. Since this method also allows the orientation errahef

movements, but it is still useful for stabilizing thefdprone  MTi-G to be tracked, the influence of orientation error on the
accelerometers. height estimation can be analyzed. A second barometric

D. Barometric Height Correction using Reference altimeter is left stationary to be used as reference barometer.

Barometer

During unstable weather the atmospheric pressure fluctuations

can easily result in a few meters per hour of drift in terfns o

height. The altitude obtained from GPS or updates from other MU
sources like transponders can be used to correct for these

effects [6], but here we consider the possibility to demoy

reference barometric altimeter which is left stationary to

monitor any local fluctuations in altitude due to fluctuasiom

atmospheric pressure. With a reference barometer, the relative MTi-G
change in height can be accurately tracked reliably for longer (IMU+GPS+Baro)
periods.

E. Fusing Information using Two-state Kalman Filter
Figure 2: Xsens MTi-G AHRS sensor mounted on tactai-grade IMU for

In order to fuse both measurements using a Kalman filter, thigh-resolution height error analysis. Second MTi-Gsensor is used as a
above equations have to be related in a state-space format. rEfegence barometric altimeter.
two Kalman states are chosen to be the height and the velocity.
In state-space, the integration of vertical acceleration to Experiment 2 (stability analysis under human movements)
position is expressed as;
To test the height stability and accuracy under typical human
h 1T h, 1aT mot.ion (walking) in an indoor office_environment, an Xsens
+ (6) MTi-G was strapped to the chest (Fig. 3) and walked up and
down a staircase with a landing halfway up the stairs. The
height difference was known (3.42 m). A second sensor, again,
whereh is the heighty is the vertical speed, is the sampling is used to monitor any drift in height as result of ahesic
period of the accelerometer, aral is the vertical net pressure variation during the experiment.
acceleration in the global frame. The sample period was
chosen to be 0.005s (200 Hz). Note that it is important to
estimate the bias on the accelerometer signal and compensate
for it. The altimeter signalhy.o, is modeled as zero-mean
additive white Gaussian noise process with a standard
deviation of 1 m.

v 01 v, Ta

n:aro:hl-'-W' W~N(0’1m (7)

The accelerometer signal is also modeled as zero-mg
additive white Gaussian noise with standard deviation 0f80.0
m/<.

F. Experimental Procedure Figure 3: Xsens MTi-G AHRS Sensor strapped to the hest for height
Two experiments were designed to test and analyze t#@eking during walking up and down a staircase.
performance of height tracking, with the first experiment
focusing on error analysis and the second experiment focusing
on application to indoor height tracking of humans. IIl. EXPERIMENTAL RESULTS

Experiment 1 (high-resolution error analysis) A. Experiment 1 (high-resolution error analysis)

An Xsens MTIi-G sensor was fixed to a tactical-grade IMU

which is used as a reference height measurement (Fig. 2), af¢ IMU signals (accelerometer and gyroscope magnitudes)
the calculated heights were compared. The reference IMUd4ring the experiment are shown in Fig. 4, clearly
equipped with a 3-axis fiber-optic gyroscope (FOG) with distinguishing the periods of motion and no motionteAR0

axis servo accelerometers, which achieves an orientation dfconds of rest at the table height (1.10 m above the ftber),
(measured in terms of angle random walk standard deviatigignsor was lifted off the table and moved up and down rapidly
of 0.1 deg./hr. The reference height is calculated by doubf@r about 8 seconds with vertical displacement of



approximately +/- 0.50 m and returned to the original pmsiti G (thick line) are compared. The height obtained fom the MTi-G is
and orientation for 10 seconds. The sensor was then lift bilized by the barometric-altimeter and the baraneter drift due to
fi h bl . db h. d | he flod change in atmospheric pressure is compensated usirthe reference
ro_m the table again and brought down nearly to the flodr ai, ometer. The barometric altimeter samples are sheon in dots.
hoisted up to about 2 meters and then brought back to the
original position and orientation. The vertical velocity and position results are shown in €ig.
In the height plot (below) the heights obtained using the

reference IMU and the MTi-G are compared. The height error

- 2 remained within about +/- 0.2 m throughout the experiment
% _ (also see Fig. 7). Note that the barometric altimeter signal used
%Né 10 7 to stabilize the height for the MTi-G has been corrected for
= height drift due to change in atmospheric pressure.
% % 0 Furthermore, for both the reference IMU and MTi-G, the
accelerometer bias has been estimated from a bias estimation
> 100 procedure performed just before the experiment. This
8 procedure estimates the accelerometer bias from multiple static
%a\ 50- , orientation measurements. The estimated bias was subtracted
ég: mem from the accelerometer signal for height estimation.
<
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Figure 4: Acceleration and angular velocity magnitade signal during
Experiment 1.

Inclination error
(deg)

The sensor orientation during the movement, in terms @rEul
angles (roll, pitch, and yaw), is shown in Fig. 5. The imaxn 5 50 50
inclination experienced during the experiment was about :
degrees.
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20 ‘ : : Figure 7: Inclination error (above) and height errar (below). For each
P plot, the reference inclination/height is obtainedfrom a tactical-grade
§§ OF J\W\/ M IMU. The gray line in the height error plot (below) shows the height
&= error when the inclination error is eliminated.
2% 30 60
10 ‘ ‘ ‘ Figure 7 shows the inclination error and height error duttie
29 o PN w\ﬁﬂ/— movement. The reference orientation and height were obtained
i from the reference IMU whose orientation has been
-1, 30 ‘ ‘ 50 compensated for the rotation rate of the Earth. The inclination
Time (s) e €F7OF during the experiment remained less than one degree,
Figure 5: Euler angles (orientation) of the sensoduring Experiment 1. \which is about the expected accuracy of MEMS-based low-
Shown are roll (above), pitch (middle), and yaw (Hew). cost AHRS under the given conditions.

The corresponding height error plot in Fig. 7 suggestg ver
little correlation between the inclination error and height error
In fact, when the orientation error is eliminated from the MTi
G (by using the orientation from reference IMU), the
difference in height output shows very little change (shbyn
the gray line Fig. 7). This follows from the theoretical
expression (4) in which the error in the vertical acceleration is
guadratic in inclination error (inclination error is usuatiych
smaller than unity). This result implies that the errohdight

is almost entirely due to the residual accelerometer bias for
this experiment.

In this experiment, we have tried to isolate the error

Figure 6: Velocity (above) and height (below) compison. For the height  contripution from barometer drift by making use of a reference
plot, the reference height from a tactical-grade IMJ (thin line) and MTi-



barometric altimeter which remained stationary during thiae velocity plot. Steps taken while actually walking up and
experiment. Figure 8 shows the height calculated with ambwn the stairs can be distinguished from steps taken while
without the reference barometer. The benefits of using ramaining level in the velocity plot. Note also that the
reference barometer can clearly be seen in this figure. Ttalculated height has been compensated for the measured
measured rate of pressure change during the experiment wesssure drift rate of -93 Pa/hr (characterized by stable rainy
approximately +190 Pascal/hr (or -16 m/hr in height), whictveather [5]). This rate corresponds to +7.7 m/hr.
corresponds to the transition between stable good weather &adelerometer bias measurements were performed before and
unstable high pressure system [5]. after the experiment, in which six static orientations were
measured.

A good stability of height estimation can be seen by comparing
the height just before and after the squat. At those times, th
height difference with respect to the initial height is nearly
equal the actual height difference between the first and second

floor.

Height (m)
o
o &

o
o
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0 30 60
Time (s) N
Figure 8: Height with barometer drift compensation using a reference
barometer (solid) and without correction (grey). The reference height
from a tactical-grade IMU is also shown by the daséd line.

B. Experiment 2: Stability under walking motion

In this experiment, the MTi-G sensor was strapped to the chest

as shown in Fig. 3 and a staircase with a landing was walkigdure 10: Height estimation stabilized by barometic altimeter when
. : . . . cond floor). Reference barometer is used to cowt for barometric

magnitudes during the experiment. The starting position

marked by the first 7 seconds of no motion. The second floo

was reached around 30 seconds after and five squats were

performed between 35 and 42 seconds. .The rest .of the IV. CONCLUSION

measurement was walking down the same flight of stairs and

coming to rest at the initial position.
g P We have demonstrated drift-free high-resolution vertical

positioning by fusing MEMS accelerometers with
30 ‘ ‘ ‘ ‘ ‘ ‘ complementary MEMS barometric altimeter. This low-cost,
low-power, and small form factor system enables high-
resolution vertical positioning in real-time under dynamics
typical of human movements. In the first experiment, a
0 ‘ tactical-grade IMU was used to measure height errors and
0 30 60 showed that the height error was bounded by +/- 0.2 m after
correcting for the drift in barometric altimeter reading due to

n
2
|

(mis?)

=
o

Acceleration

§ fluctuations in atmospheric pressure. It was also confirmed
g 200 ] that the orientation error has a rather minor effect on thetheigh
£ 3100 1 accuracy as long as the orientation error is not too large and
g= that the movements do not contain significant horizontal
% ‘ ‘ 30 60 acceleration. Under those conditions the accelerometer bias
Time (s) e WS identified to be the most critical factor in obtainingdjo
Figu're 9: Accelerometer and gyroscope magnitude datcaptured during  yertical accuracy. The second experiment, in which the
walking up and down a staircase. integrated sensor was strapped to the chest, showed good

. . . . . curacy and stability while walking up and down a staircase.
The corresponding vertical velocity and height after fusion af; " :
. X . -his system can be easily augmented by GPS or other means
accelerometer and barometric altimeter are shown Fig. 10, in :
: . . such as transponders to enable absolute height measurement. It
which the actual height difference of 3.42 m has been marke .
. ..~ was demonstrated that the use of reference barometric
by the dotted lines. Note that the footsteps are clearlyi&isib



altimeter, if available, can be a viable option in eliminatirey th
height drift due to change in the atmospheric pressure.

V. DISCUSSION

In this paper, we deliberately decoupled the orientation
estimation and height estimation for facilitating the error
analysis, but they could be integrated into a tightly-coupled
system in which the accelerometer bias can be estimated as an
additional Kalman state. Since the bias of MEMS
accelerometers do change with time due to inherent bias
instability, temperature, and other effects, it would be kighl
desirable to estimate it as a Kalman state.

In the error analysis, the inclination error played a mint& ro

in contributing to the height error compared to the gain and
bias errors. The amount of inclination error, however, kighl
depends on the type of movement the sensors experience, and
it may lead to significant orientation error during certaimdki

of movements. In that case, the orientation error would, of
course, be an important factor in the height error.
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