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Abstract—Inertial positioning technology is one of the most 
important positioning techniques. It is suitable for 
environments without GPS, lack of radio base stations or have 
no priori geographic information. The pedestrian location 
system based on Micro Inertial Measurement Unit (MIMU) is 
usually integrated in the foot of the pedestrian and using the 
inertial law to solve the pedestrian's position, velocity and 
attitude information. What’s more, the inertial location system 
utilizes the Zero Velocity Update (ZUPT) algorithm to 
suppress their errors. However, ZUPTs cannot effectively 
decrease pedestrian position errors and heading angle error. So 
pedestrian’s position errors and heading angle error will still 
accumulate over time. Because the magnetometer can detect 
earth's magnetic field information and solving the heading 
angle by it, in this paper, a dual MIMU/ magnetometer/ 
ultrasonic pedestrian location scheme is proposed. The two 
MIMUs, two magnetometers and two ultrasonic modules are 
respectively fixed on the left and right foot of pedestrians, and 
the output information of magnetometer is used to assist the 
ZUPT algorithm to calculate the locating information, which 
suppresses positioning error and heading error. We use two 
ultrasonic modules to measure the spatial relative position 
relation of pedestrian’s left foot and right foot in real time and 
construct the second order nonlinear constraint equation. We 
correct pedestrian position information continually by using 
this constraints so that to improve the positioning accuracy. To 
verify this program, in this paper, some experiments have been 
carried out. We have designed different pedestrian trajectories 
in certain building. After the experiment we processed and 
analyzed the offline data from this integrated positioning 
system. The experimental results show that compared with 
single MIMU pedestrian location scheme, pedestrian 
positioning technology based on dual MIMU/ magnetometer/ 
ultrasonic module has higher positioning accuracy, and the 
positioning accuracy of this system is better in the longer time, 
which can meet the requirement of pedestrian positioning 
where there is no external auxiliary information. 

Keywords—Inertial positioning; micro inertial measurement 
unit；Magnetometer; Ultrasonic wave; Equality constraint; zero 
velocity update 

I.  INTRODUCTION  

Pedestrian location technology is playing an increasingly 
important role in many social aspects such as path navigation, 
medical emergency, public safety, emergency response and 
military field. The Global Positioning System (GPS) is being 
widely used. But in indoor environment, the satellite signal is 
blocked by walls, and its performance is greatly degraded or 
even unavailable, which cannot meet the location needs of 
users in the indoor environment for a long time [1-3]. WiFi 
positioning is often used in the indoor environment, which can 
meet the normal pedestrian needs. But WiFi is not available in 
disaster relief and counter-terrorism assault. However, the 
independent, fully autonomous inertial positioning technology 
can be applied to a variety of complex and changeable 
environments. The MIMU is the core component of the inertial 
positioning system and installed on the foot of pedestrians. The 
pedestrian position is calculated as measuring the acceleration 
and angular velocity of pedestrians' feet in real time, and the 
positioning error is reduced with ZUPTs [4-8]. There are a lot 
of different ZUPT algorithms, such as acceleration and angular 
velocity variance detection, acceleration amplitude detection, 
N-P criterion and hidden Markov detection method, and they 
can achieve good positioning effect in the corresponding 
motion state. ZUPTs can effectively suppress the velocity error 
and horizontal attitude angle error, thus correcting the position 
error of pedestrians to a certain extent [9-11]. But the heading 
error and position error of pedestrians can't be well estimated 
by ZUPTs [12]. To solve this problem, a dual MIMU/ 
magnetometer/ ultrasonic integrated navigation system is 
proposed in this paper. The magnetometer can measure the 
component of the earth's magnetic field on the three-axis of the 
carrier. The navigation system can use the component of the 
earth's magnetic field on the horizontal plane to calculate the 
direction of the direction of the navigation [13]. The MIMU/ 
magnetometer integrated navigation scheme can suppress the 
divergence of heading error. Choosing a good ZUPTs 
algorithm and adding the angle information calculated by the 
magnetometer can improve the positioning accuracy of 
pedestrians in a short time, but still cannot meet the needs of 
long term navigation [14-16]. However, we notice that there is 
a physical constraint on the position information between the 
feet in the course of a pedestrian movement. By using this 
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constraint, we can estimate the position error of the pedestrian 
[17]. In order to restrain the divergence of position error, the 
ultrasonic distance measuring module is added in this paper. 
This paper uses the magnetometer information to assist the 
ZUPT algorithm to suppress the heading error and the distance 
information between pedestrians' feet measured by ultrasonic 
wave to reduce the position error. This integrated navigation 
system can meet the requirements of many environments 
because it does not require external information, such as GPS 
and WiFi. And, more importantly, this integrated navigation 
technology can meet the needs of long-time pedestrian 
navigation. 

II. SYSTEMS DEFINITION 

A. Pedestrian positioning technology based on MIMU 

MIMU is the core component of the Inertial Navigation 
System (INS) and it consists of a three-axis accelerometer and 
a three-axis gyroscope. It is fixed on the foot of a pedestrian 
and can measure the acceleration and angular velocity of the 
foot.  

The navigation system uses angular velocity to calculate the 
transformation matrix n

bC of the carrier coordinate system to 
the navigation coordinate system. Then we can projection the 
acceleration in the body coordinate system to the navigation 
coordinate system by n

bC : 

 ( )n N n b b
n b δ= +f C C f f   (1) 

Then velocity nν : 

 n ndt= ν f   (2) 

Finally position np : 

 n ndt= p v   (3) 

In the form (1), bδ f is acceleration error and N
nC  is a 

conversion matrix due to gyroscope error. 

As shown in form (1), due to the noise of MIMU devices, 
the location error of system increases with time, which is one 
of the most important factors that restrict the long navigation of 
inertial location system. 

ZUPT method is an error compensation method for an 
inertial pedestrian positioning system. The navigation system 
can detect the motion state of pedestrians in real time. When 
foot touches the ground, it is considered that the foot is 
relatively static with the ground, and the relative rest time is 
called "zero velocity interval". In other words, there should be 

0n =ν in zero velocity interval in theory. But in fact, it's not. 
ZUPTs use the calculating velocity nν in zero velocity interval 
to estimate the position error, velocity error and attitude error 
of the pedestrians by Kalman filter, so as to compensate the 
settlement results of the navigation system. 

The states of Kalman filter: 

 [ ]δ δ δ=x p ν ε   (4) 

One step state transition matrix: 

[ ]
3 3 3 3 3 3

3 3 3 3

3 3 3 3 3 3

× × ×

× ×

× × ×

 
 = × 
  

0 I 0

A 0 0 f

0 0 0

                    (5) 

The observations of Kalman filter: 

 δ=z ν   (6) 

Observation matrix: 

[ ]3 3 3 3 3 3× × ×=H 0 I 0                      (7) 

In the form, δp is position error of pedestrian, δν velocity 

error δε is attitude error, I  is identity matrix . 

We have an observability analysis of this mathematical 
model construct the matrix Q: 

2

3

4

5

6

7

8

 
 
 
 
 
 
 
 
 
 
 
 
 
 

H

HA

HA

HA

Q = HA

HA

HA

HA

HA

                              (8) 

Thus, 
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           (9) 

In the form, [ ]
b b
z y

b b
z x3 3

b b
y x

0 f f

f 0 f

f f 0
×

 −
 × = − 
 − 

f , and b
xf ， b

yf ，

b
zf  is the output value of the three axis accelerometer. When 

the foot touches the ground, it is [ ]3 3

0 g 0

g 0 0

0 0 0
×

− 
 × =  
  

f . This 

shows that rank 5Q = . 

That shows that the state of the system is not completely 
observable. Through our analysis, the pedestrian speed error 
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and two horizontal attitude angle error can be observed, but 
the position error and heading error of pedestrians are 
unobservable. 

ZUPTS can suppress the system positioning error to a 
certain extent. But because of the unobservable location error 
and heading error during the Kalman filtering process, it cannot 
meet the needs of pedestrian location. 

B. Pedestrian positioning technology based on MIMU/ 
magnetometer/ ultrasonic module 

In this paper, the magnetometer is used to correct the 
heading information of pedestrians. In the process of pedestrian 
movement, the system can calculate the horizontal attitude 
angles θ  and γ of the carrier in real time. Using the 
horizontal attitude angle, the magnetometer measurements 
under the carrier system are projected to the navigation 
coordinate system, and the measurement values of the 
magnetometer nB under the navigation system are obtained: 

 
cos 0 sin 1 0 0

0 1 0 0 cos sin

sin 0 cos 0 sin cos

n b

θ θ
γ γ

θ θ γ γ

−   
   = ⋅ − ⋅   
   −   

B B   (10) 

In the form, bB  and nB  are the magnetic field intensity of the 
carrier system and the navigation system respectively. θ  andγ  
are the pitch angle and the roll angle respectively. 

Thus the heading angle can be obtained: 

 arctan
n
y

dn
x

B
M

B
φ

 
= +  

 
  (11) 

In the form, n
xB , n

yB are magnetic field intensity component of 

x, y axis respectively in the navigation coordinate system. dM  
is local declination 

The system error is estimated by Kalman filter.  

Then we establish the mathematical model: 

 δ = δp ν   (12) 

 ( )ˆ2 [ ]= − ×ν q n b
bC q fδ δ   (13) 

 1
ˆ[ ]

2
= − × −q ω q q

bδ δ δ   (14) 

In the form, δp is position error of pedestrian, δν velocity 

error, δq is quaternion error. 

The states of Kalman filter: 

 [ ]a wδ δ δ=x p ν q b b   (15) 

The observations of Kalman filter: 

 [ ]δ δ=z ν q   (16) 

The heading information of the magnetometer is added to 
each ZUPT, which greatly improves the observability of the 
heading angle of pedestrian. 

In order to correct the position information of pedestrians 
effectively, this paper uses the integrated navigation system 
based on dual MIMU/ Magnetometer/ Ultrasonic module. On 
the left and right foot of the pedestrians, inertial measurement 
elements, magnetometers and ultrasonic modules are installed 
respectively. The ultrasonic module can measure the distance 

R between pedestrians in real time. 

Generally, in the course of walking, one foot is touchable, 
while the other is away from the ground. In this paper, the right 
foot touches the bottom and the left foot is out of the ground as 
an example. Figure1 is a sketch map of pedestrians' feet at the 
certain moment. The dotted line indicates the distance between 
two feet measured by the ultrasonic distance measuring module 
and the distance is R . The real line represents the true track 
of the left foot movement. The dash dot indicates the incorrect 
trajectory due to system noise. 

 
Fig.1 Sketch map of pedestrians' feet 

The integrated navigation system uses ZUPT algorithm to 
calculate right foot’s position, speed and attitude aided by 
magnetometer. At the same time, the position information of 
the other foot is corrected by the distance between two feet. 

 Fig.2 Flow chart of integrated navigation system 

Then, the problem of solving the left-foot position can be 
transformed into a condition of extremum as shown in formula 
(15). 
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 ( ) ( )
( )

ˆ ˆarg min

0

T

l l l l

l

x

ϕ
 = − −


=

x x W x x

x


  (17) 

In the form, ˆ lx  is the left foot position information calculated 

by the system and ˆ lx is real left foot position information. 

W is weighted matrix. 
In general, we consider that: 

 1−=W P   (18) 

In the form, 1−P  is error covariance matrix of location 
information. 

In the actual situation, the constraint equation can be 
composed as follows: 

 ( ) 0
0

0
1

0 1

T
T T C

C
ϕ

  
 = = +   

   

T x
x x x T x


     (19) 

In the form, there is r l= −x x x  and T is unit matrix. 
Then plug in equation (18) and (19) into equation (1), and 

calculate lx . 

When the pedestrian's left foot touches the ground and the 
right foot is off the ground, exchange lx  and rx . The 
integrated system needs calculate the left position information 
by ZUPT and correct right foot position information based on 
left foot position information. In this way, using the distance 

R between the feet as the constraint condition, alternately 
correct the left and right foot positioning information. 

III. PEDESTRIAN NAVIGATION EXPERIMENT 

 

This section we will verify the validity of the pedestrian 
positioning technology based on MIMU/ magnetometer/ 
ultrasonic module proposed in the second section, in this 
section, we will analyze it in detail by indoor pedestrian test. 
We want to ensure the reliability of the experimental results, so 
we carry out the experiment of pedestrian location by different 
paths. 

There is the prior knowledge in this paper: the bias of the 
accelerometer three axes are 20.5m s ，  the drift of the three 

axes gyroscope three axe are 0.00873 s . The accelerometer 
three axes noise satisfies the Gauss 

distribution: ( )2
an ~ N 0,0.001 , the gyro three axes noise also 

satisfies the Gauss distribution: ( )2n ~ N 0,0.000175ω . The 

system noise covariance matrix 

is ( )2 2 2
3 3 3 3 3 3diag 0.5 0.00873 0.01× × ×=Q I I I , and the 

measurement noise covariance matrix is 

( )2 2 2
3 3 3 3 3 3diag 0.0001 0.0001 0.0001× × ×=R I I I . The 

acceleration threshold of zero velocity detection module is 
8500, the angular velocity threshold is 0.1 and the declination 
is -9 54′ . 

We carried out pedestrian location experiments at 21 
teaching building in Harbin Engineering University.  Firstly, 
we installed the device on the experimenter's feet and 
preheated for 5 minutes to complete the system initial 
alignment. Then we have carried out lots experiments and will 
show three of them. The data collected by the device is stored 
in a notebook computer through a data line. Finally, the 
collected data are simulated and analyzed by Matlab. During 
the test, the experimental installations are fixed in the 
pedestrian’s shoes and the yaw axis are pointing straight ahead 
of the tester. 

 
Fig. 3 Schematic diagram of device installation 

In the first group of experiments, the experimenter went 
down the hallway to the hall and finally returned to the 
starting point. The walking distance is about 50 meters, and 
the time of walking is 2 minutes. The trajectories of pedestrian 
movements calculated by the combined navigation system are 
shown as shown in Fig 3. The blue lines represent the 
trajectory calculated by the integrated navigation system, and 
the pink lines represent the trajectories calculated by the single 
inertial navigation system. 

From Figure 4 we can see that, the positioning error of the 
pink lines becomes more and more divergent with time while 
the starting point and the ending point of the blue line are 
almost identical. The Euclidean distance between the pink 
lines is nearly 4m but it is not more than 1m in the blue line. 
This shows that the integrated navigation system has a 
significant role in restraining position error and heading error. 

y 
[m

]

 
Fig 4.  The experimenter trajectories of the first group 

In the second group of experiments, the tester went down 
the hallway to the balcony and then returned to the starting 
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point similarly. The walking distance is about 180 meters, and 
the time of walking is 5 minutes. The trajectories of pedestrian 
movements calculated by the integrated navigation system are 
shown as shown in Fig 5. It can be seen from the diagram that 
the results of the two navigation systems are distinctly different 
because of the longer time and distance of the pedestrian 
movement. 

y 
[m

]

 
Fig. 5 The experimenter trajectories of the second group 

From Figure 5 we can see that, the Euclidean distance 
between the pink lines is nearly 29.2m but it is not more than 
9.1m in the blue line. The presence of the inertial 
measurement noise makes the positioning accuracy of the 
inertial navigation system decline with time. But the 
positioning error of pedestrian positioning system based on 
dual MIMU/ magnetometer/ ultrasonic module is smaller 

In the third group of experiments, the experimenter walked 
a closed giant in the corridor. The walking distance is about 
120 meters, and the time of walking is 3.5 minutes. The 
trajectories of pedestrian movements calculated by the 
combined navigation system are shown as shown in Fig 6. The 
blue lines also represent the trajectory calculated by the 
integrated navigation system, and the pink lines also represent 
the trajectories calculated by the single inertial navigation 
system. 

In Figure 6, the blue line shows that the path of a 
pedestrian is a closed rectangle while the pink line is no longer 
a real path for pedestrians. The Euclidean distance between 
the pink lines is nearly 10.05m but it is not more than 1m in 
the blue line. This shows that the single inertial navigation 
system cannot fully meet the needs of pedestrians, but the 
integrated system based on dual MIMU/ magnetometer/ 
ultrasonic module can achieve better positioning effect. 

 
Fig 6. The experimenter trajectories of the third group 

From these above experimental results,  we can see that the 
position of the integrated navigation system based on dual 
MIMU/ magnetometer/ ultrasonic module is basically 
consistent with the experimental route. Especially the heading 
error and position error are well suppressed, so the accuracy of 
pedestrian location is higher. 

IV. CONCLUSION 

We processed and analyzed the offline data from the dual 
MIMU/magnetometer/ultrasonic module positioning system 
integrated on the foot. The experimental results show that 
compared with single MIMU pedestrian location technology, 
pedestrian positioning technology based on dual MIMU/ 
magnetometer/ ultrasonic module has higher positioning 
accuracy because it can effectively suppress the heading error 
and position error. What’s more, the positioning accuracy of 
this integrated system is better in the longer time, which can 
meet the requirement of pedestrian positioning where there is 
no external auxiliary information. 
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