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Micro Aerial Vehicle Yaw Estimation and Localization Based on 
Ultrasonic Sensors in Indoor Environment
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Abstract: This paper addresses the problem of yaw angle estimation and indoor positioning of micro aerial vehicle (MAV) under 

GPS-free environment and complex electromagnetic interference. A distance-ranging-based approach is proposed to localize 

MAV. The relation of ultrasonic sensors measurements and MAV position as well as yaw angle is given by establishing a 

nonlinear, implicit, and piecewise continuous model. Thus, the extended Kalman filter (EKF) is applied to estimate the MAV 

position and yaw angle according to ultrasonic sensors and inertial measurement unit. Furthermore, a jump filter is introduced 

to compensate the mutation caused by discontinuity of the model. Simulations are presented and the results show the 

effectiveness of the algorithm.

Key Words: MAV yaw estimation, indoor localization, EKF algorithm

1 Introduction

In recent years, micro aerial vehicles (MAV) attitude 

estimation and positioning technology have been broadly 

concerned in numerous fields as a basic technical support for 

MAV to accomplish complicated tasks, such as ultra-low 

altitude reconnaissance and surveillance[1][2]. Due to the 

characteristics of low-cost, small-size, and high mobility, it 

is also possible to enter places with safety hazards to help 

detect interior conditions of large buildings and facilities in 

place of manpower[3][4]. However, multiple magnetic 

interference factors in complex indoor environment also 

make it impossible for MAV to use magnetic compass for 

accurate orientation[5][6], and decreased GPS positioning 

accuracy due to blocking and multi-path effect between 

buildings requires additional sensors to accomplish 

localization [7].

Based on raised problems, additional information is 

needed to improve the yaw angle estimation accuracy. 

Hardware redundancy and analytical redundancy are two 

types of improvement[8]. The former indicates multiple 

sensor system providing additional information to estimate 

the yaw angle, which is difficult to achieve within MAV 

payload limits. The analytical redundancy is designed based 

on model characteristics, where visual information is often 

incorporated into the estimator, decreasing the instability 

brought by the electromagnetic interference. [9] proposed an 

optical flow sensor model/inertial measurement unit (IMU)

fault-tolerant fusion to achieve yaw angle estimation, which 

is also a strict demand for MAV loading capacity.

Current positioning technology mainly adopts vision-

based and multi sensor-based positioning methods. The 

former approach mostly requires optical motion capture 

system or cameras. In [10],  an optical flow algorithm was 

applied to determine the position and direction of MAV by 

calculating the image gradient of the robot vision scene. [11]

utilized a monocular visual simultaneous localization and 

mapping (SLAM) system consisted of two cameras to 

complete localization mission. But in a complex indoor 

condition, large amount of calculation of SLAM may cause 

time delay in control system. According to [12], MAV 

achieved relatively stable positioning by communicating 

with mobile ground vehicles through ultra wide band (UWB). 

Other positioning methods based on distance sensors[13],

visual sensor[14], ZigBee[15] , etc. are equally capable to 

impair external disturbance and modify estimation error of 

IMU. Multi sensor-based approaches rely on either on-board 

sensors or ground-based facilities, which cannot be utilized 

universally due to the environment complexity. 

In this paper, an extended Kalman filter (EKF) based on 

range measurement is presented to improve MAV yaw angle 

estimation and localization performance. The framework is 

as follows. The second section introduces MAV indoor 

positioning system model, while the yaw estimation, 

localization, and EKF information fusing process are 

displayed in the third section. In the fourth section, 

simulation results are demonstrated to verify the reliability of 

the algorithm.

2 System Model

The MAV platform structure is demonstrated as Fig. 1,

which technical details are explained in [1]. Four SRF01 

ranging sensors are mounted perpendicularly to each other at

the bottom of the MAV, thus the sensor system can provide 

ranges of four directions in a single measurement.
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Fig. 1 The sketch of MAV

Two coordinate systems are established in this paper. The 

map coordinate system m m mO x y z� and the body coordinate 

system b b bO x y z� are shown in Fig. 2. im represents 

coordinates of infection points of prior map, therefore the 

transcendental environment can be described as a set of walls 

represented by a set of line segments � �� 1 2 nM ,M ,...,MM

, where  iM denotes a line segment with endpoints im and 

1i�m as

          
1, 1,2,..., 1i i i i n�� � �M mm  (1)

Fig. 2 Map coordinate system and body coordinate system

The yaw angle of the MAV in the map coordinate system is 

marked as � , which is positive for clockwise rotation. The 

rotation matrix between body frame and map frame is 

             
cos sin

sin cos
mb

� �
� �
�� 	

� 
 �
� 


R  (2)

The acceleration of the MAV in two frames are derived as

                        m mb b� �a R a  (3)

where ba represents acceleration of MAV in body 

coordinate system, while ma represents acceleration in map 

coordinate system. Define ( , )M Mx y as the position of MAV 

in the prior map, ,x yv v as MAV velocity in mx and my

direction, and ,x ya a are MAV accelerated speed along bx
and by in the body coordinate system. Suppose that MAV 

works at a fixed altitude, and AT represents the sampling 

interval of IMU sensors, thus the MAV model is formed as 

(4).
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�

� � �

�
�
�
�
�
�
��
�
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�
�

��
� � � � ��
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(4)

MAV model with noise disturbance can be briefly described 

as

       � � � �( 1) ( ), ( )k k k k� � �x f x u w  (5)

� � � �1 2 3 4 5= ( ), ( ), ( ), ( ), ( )
Tk w k w k w k w k w kw represents white 

noise with a mean of zero and a variance of Q ,  and 

( ) ( ), ( ), ( )
T

x y zk a k a k k�� 	� � 
u is the control input of the MAV 

system.

The estimated values in four directions � �1 2 3 4, , ,
Tl l l l�l

acquired by SRF01 sensors are considered in MAV 

observation equations. SRF01 sonar beam is modeled as in 

Fig. 3.

Fig. 3 The beam pattern of SRF01 sonic sensor

On account of the complexity of on-line calculation of the 

sensor beam model, a simplified multi-ray ultrasonic model 

is purposed according to the experiment results in [1] as Fig. 

4.

Fig. 4 Multi-ray sonar model

Thus the ultrasonic 2D multi-ray model S can be formulated 

as a ray group where

     
� �1 2

1 0 1 2 0 2 0

= ,..., k

k k

��
�
���

S ,S S

S s s ,S = s s , ...,S = s s

S
 (6)

bx

by
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S can be described as a set of rays kS , and 0 1 ks s s, , ... , 
represent the endpoints  of  rays respectively. The 

intersecting points of S and M are formed as R , where

             � �1 2, ,... q� � � r r rR S M  (7)

The minimum l is selected as the estimated value of the 

ultrasonic sensor as in (8).

   
0 2

max

min
1,2,...,

i
l i q

l

� � � ��� ��
���

ir
r s R

R=
 (8)

According to [1], among all intersections, the one that 

minimizes (8) is defined as the “active intersection”  ar , and 

terms “active ray” aS and “active wall” aM are introduced 

to represent the corresponding ray and the corresponding 

wall with the active intersection. Hence the observation 

equation can be described as 

( ) ( ( ), ( ), ( ), , ) ( )M Mk x k y k k k�� �l h vM S  (9)

� �1 2 3( ) ( ), ( ), ( )
Tk v k v k v k�v represents white measurement 

noise with a mean of zero and a variance of R .

Remark 1: It is noted that l is a function of  ,M Mx y and 
� , thus the above state variables can be estimated through 

l respectively. However, due to its nonlinearities and 

implicitness, ( )kl cannot be estimated directly during 

filtering procedure, therefore a fast algorithm is presented in 

section 3 to carry out the estimation.

Remark 2: Due to the fact that during the estimation 

process, aM in the prior map will switch from one to 

another, distances calculated by the multi-ray model may 

mutate because of the switch. Therefore ( )�h is characterized 

by piecewise continuity, which leads to difficulties in the 

estimation of ( )kl .

3 Estimation Algorithm

3.1 Linearization Results

The discrete nonlinear model of the MAV is given as 

� �
� �

( 1) ( ), ( ) ( )

( 1) ( 1), , ( 1)

k k k k

k k k

� � ���
�
� � � � ���

x f x u w

l h x vM S
            (10)

Because of the nonlinearity of (10), linearizing approach is 

utilized to carry out approximation. Define  ˆ( | )k kx as the 

estimated value of state variables at previous time k ,

ˆ( 1| )k k�x as the predicted value calculated from (4) based 

on ˆ( | )k kx . Taylor formula is applied in ( )�f at ˆ( | )k kx
and ( )�h at ˆ( 1| )k k�x to obtain (11) and (12).

� � � �ˆ ( | )
ˆ ˆ( 1) ( | ), ( ) ( | ) ( )

( )
k kk k k k k k k

k
�

� � � � �
� x
fx f x u x x w
x

 

(11)

� �

� �ˆ ( 1| )

ˆ( 1) ( 1| )

ˆ( 1) ( 1| ) ( 1)
( )

k k

k k k

k k k k
k �

� � �

�
� � � � � �
� x

l h x
h x x v
x

 (12)

( 1| ), ( ), ( )k k k k�Φ H p are defined as

                  

ˆ ˆ( | ) ( 1| )( 1| ) , ( 1)
( ) ( 1)

k k k kk k k
k k �

� �
� � � �

� � �x x
f hΦ H
x x

 (13)

� � ˆ ( 1| )
ˆ ˆ( 1) ( 1| ) ( 1| )

( 1)
k kk k k k k

k �

�
� � � � �

� � x
hp h x x

x
(14)

Thus, ( 1)k �l can be simplified as 

             ( 1) ( 1) ( 1) ( 1) ( 1)k k k k k� � � � � � � �l H x p v  (15)

( 1)k �x can be simplified likewise. To deal with IMU drift 

and noise disturbance, the extended Kalman filter is exerted 

to the MAV model to fuse the measurement of sonic sensors 

and the IMU. During the fusion procedure, ( 1| )k k�Φ is 

calculated as 

2

2

1
ˆ ˆ1 0 0 ( ( )sin ( | ) ( ) cos ( | ))

2

ˆ ˆ0 1 0 0 ( ( )sin ( | ) ( ) cos ( | ))

1
ˆ ˆ0 0 1 ( ( )cos ( | ) ( )sin ( | ))

2

ˆ ˆ0 0 0 1 ( ( )cos ( | ) ( )sin ( | ))

0 0 0 0 1

A A x y

A x y

A A x y

A x y

T T a k k k a k k k

T a k k k a k k k

T T a k k k a k k k

T a k k k a k k k

� �

� �

� �

� �

� 	� �
 �

 �

� �
 �

 �

 � �

 �

 ��

 �
� 


(16)
A concise algorithm is designed as follows to acquire the 

value of ( 1)k �H .

3.2 Position and Yaw Angle Estimation

The algorithm is derived according to geometric relation

between aM and aS as shown in Fig. 5.

Fig. 5  Geometric relation between aM  and aS  (position 

estimation)

i� is the yaw angle of the thi aM , while i� is the yaw angle 

of the thi aS . For further analysis, this paper has following 

assumptions.

Assumption 1: The aS of the thi sensor between neighbor 

sampling time remains the same.

Assumption 2: The aM of the thi sensor between 

neighbor sampling time  remains the same.

Assumption 3: Since the speed of MAV is far less than that 

of sound, the effect of MAV velocity on measurements of 

sonic sensors is ignored in this paper. 

Note that Assumption 1 and Assumption 2 do not always 

hold and may cause a deviation of the estimation, thus a jump 

filter is introduced to fix this problem, which will be 

discussed in section 3.3.
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Based on above assumptions, suppose the MAV makes a 

small increment Mx� along mx as shown in Fig. 5,  and il�
denotes the change of measured value of the thi sensor. It can 

be derived from the law of sines that 

        
sin( ) sin

sin( ) sin( )

i i i

M i i i i

l
x

� � �
� � � �

� � � �
� �

� � �
 (17)

If il� and Mx� are small enough, the partial derivative of il
with respect to Mx can be expressed as

0

( , , , , ) ( , , , , )
lim

sin

sin( )

M

i M M M M M

x
M M

i

i i

l h x x y h x y
x x

� �

�
� �

�  

� � � �
�

� �
�

�
�

M S M S

(18)

Therefore, 
i

M

l
y
�
�

can be deduced in similar method.

                     
cos

sin( )

i i

M i i

l
y

�
� �

�
�

� �
 (19)

In the case of yaw angle, a slight change �� is exerted on 

� likewise while the estimated value of the thi ultrasonic 

sensor changes from il to
'

il as in Fig. 6.

Fig. 6: Geometric relation between aM and aS (yaw angle 

estimation)

The equation between il and 
'

il can be described as

' sin( ( )) sin( )

sin( ) sin( )

i i i i i

i i i i i

l
l

� � � � � � �
� � � �

�� � � � � �
� �

� �
 (20)

Therefore, its partial derivative is formed as
'

0 0
lim limi i i i i

i

l l l l l
l� �� � ��  �  

! "� � �
� � # $� � � % &

 (21)

Define im as � �i i� �� thus (21) can be diluted as

      
0

sin( ) sin
lim

sin tan( )

i i i i

i i i

l m m l
m�

�
� � ��  

! "� � �
�# $� �% &

 (22)

According to Assumption 3, it can be acquired that

                          0 0i i

x y

l l
v v
� �
� �

� �
 (23)

Consequently,  ( )kH can be obtained as 

     
( ) ( )

( ) , 1,2,3,4
( ) ( )

i ih k l k
k i

k k
� �
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� �

H
x x

 (24)

where
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( ) ( ) ( ) ( )
0 0
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i i i i
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� � �

� �� � ��� ��
� � � �� � � �
�� � ��

 

(25)

3.3 Information Fusion by EKF

EKF algorithm is mainly composed of two steps: 

prediction and estimation. Define the accelerometer 

sampling interval as AT , and the sensor sampling interval as

sT . Since AT and sT are not the same value, when the 

ranging data is not updated, MAV yaw angle and location are 

predicted iteratively by (4)

          
ˆ ˆ( 1 | 1) ( 1| )

( 1 | 1) ( 1| )

k k k k
k k k k
� � � ��

� � � � ��

x x
P P

 (26)

When new data is coming, the prediction is modified by

(27), which can be described as 

� �

� �

1

ˆˆ ˆ( 1) ( ( 1 | ), ( 1 | ), ( ), )

( 1 | 1) ( 1) ( 1) ( 1 | )

( 1) ( 1 | 1) ( 1)

ˆ ˆ( 1 | 1) ( 1 | ) ( 1) ( +1) ( +1)

M M

T

k x k k y k k k
k k k k k k

k k k k
k k k k k k k'

�

�

� � � ��
� � � � � � � � � ��
�

� � � � � � ��
� � � � � � � � ��

l h
P I K H P

K P H R
x x K z l

M,S

(27)

where ( 1)k �z represents the measurement of ultrasonic 

sensor at sampling time ( 1)k � . Jump filter on gain matrix 

( )kK is introduced to eliminate mutations due to the switch

of aM . The jump filter is formed as

        
� �

1 2 3 4( ) ( ) diag( , , , )

1  ( ) ( )
, 1,2,3,4

0 ( ) ( )

i i
i

i i

k k

l k z k
i

l k z k

' ' ' ' '

(
'

(

� ��
�

� � )� �� ��� � *���

K K

 (28)

where ( is the empirical threshold obtained by experiments,

and i' is the flag defaulted as 1. The flow of the iterative 

algorithm is shown in Fig. 7.

Does ultrasonic sensors update?s ultrasonic sensors upd

Y

N

Output MAV state

Fig. 7: Flow of EKF

MAV state estimation

Calculate ( 1)k �H and ( 1)k' �K

Calculate ,i i� �

Predict MAV state ˆ( 1| )k k�x

Read the accelerometer data ba and 

convert it to the map coordinate system

Start
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4 Simulation Results

In this paper, flight trajectory of MAV is designed based on 

polygon map, while control inputs for the MAV are shown in

Table 1.

Table 1: Control Inputs of the MAV

0-3.84 3.84-6.24 6.24-7.44

xa 0.4 2m/s 0.1 2m/s -0.2 2m/s

ya 0 2m/s -1.8 2m/s 3.8 2m/s

z� 0 rad/s 0.05 rad/s -0.05 rad/s

The initial state of the MAV is set as Table 2.

Table 2: Initial State of the MAV

Initial State of 
the MAV

(0)Mx (0)My (0)xv (0)yv (0)�

Value 1 m 1 m 0.05 m/s 0.05 m/s 45

Q and R are designed as 

1 0 0 0 0
0.02 0 0 0

0 0.2 0 0 0
0 0.02 0 0

,0 0 1 0 0
0 0 0.02 0

0 0 0 0.2 0
0 0 0 0.02

0 0 0 0 0.2

� 	
� 	
 �

 �
 �

 �
 �� �

 �
 �

 �
 �
� 

 �� 


Q R  

(29)

and ( is designed as 0.4. Localization results and the yaw 

estimation are shown in Fig. 8.

Fig. 8: Localization results

Fig. 8 illustrates the localization results of the EKF 

information fusion algorithm. MAV actual flight path is 

shown by the solid line, integral result of IMU is presented 

by dotted line, and the crosses indicate the estimated points 

by EKF, thus localized path can be achieved by fitting. In 

Fig. 9, yaw estimation results are demonstrated. 

Fig. 9: Yaw angle estimation results

The dotted line is gyroscope integral result on yaw angle, and 

the dashed line is the yaw estimation of EKF. Solid line 

shows the actual yaw angle. For quantitative analysis, EKF 

position estimation error EKFe and IMU integral error Acce
are defined respectively as 

    
� � � �

� � � �
2

2

ˆ ˆ( ) ( ), ( ) ( ), ( )

ˆ ˆ( ) ( ), ( ) ( ), ( )

T T
EKF M M EKF EKF

T T
Acc M M Acc Acc

e k x k y k x k y k

e k x k y k x k y k

� � ��
�

� ��
�

 (30)

Yaw estimation discrepancies ,EKF Acce e� � are formed 

similarly as

             
ˆ( ) ( ) ( )

ˆ( ) ( ) ( )

EKF EKF

Acc Acc

e k k k

e k k k
�

�

� �

� �

� � ��
�

� ���
 (31)

where ˆˆ ˆ( ( ), ( )) , ( )T
EKF EKF EKFx k y k k� are the estimated

position and yaw angle at sampling time k by EKF, and 

ˆˆ ˆ( ( ), ( )) , ( )T
Acc Acc Accx k y k k� are the estimated position and 

yaw angle at sampling time k by IMU. Performance of EKF 

algorithm is compared to that of IMU as displayed in Fig. 10

and Fig. 11.

Fig. 10: Positioning error comparison

Fig. 11: Yaw estimation error comparison

Time(s)

Input

Value
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In Fig. 10 and Fig. 11, the positioning error converges into a 

neighborhood bounded by 0.1 m, and yaw estimation error is 

limited in an error band of 0.05rad . When changing the prior 

map of MAV, the switch of aM may trigger a jump in the 

estimation result, whose specific details of neighborhoods of 

the mutation are shown in Fig. 12. In particular, the jump 

intersection point is marked as a dotted circle. It shows that 

the mutation on sonar measurement is led by the switch of ar
and aM .

(a) t = 6 s                              (b) t = 6.2 s

Fig. 12: Sonar sensors measurement of MAV

Jump filter is introduced under this situation, and results are 

compared with the original method. 

Fig. 13: Positioning comparison by using jump filter

It is shown that the jump filter can remove the mutation and 

maintain the reliability of EKF according to Fig. 13 and Fig. 

14.

Fig. 14: Yaw estimation comparison by using jump filter

From these figures, it can be seen that the proposed method 

has improved the performance of MAV yaw angle estimation 

and localization significantly.

5 Conclusions

A problem of MAV localization and yaw estimation in 

indoor environment under blocked GPS signals, external 

magnetic disturbances and noise has been addressed in this 

paper. A MAV model is established on account of ultrasonic 

sensors measurement. According to the nonlinearities and 

implicitness of the model, a low computational cost and fast 

algorithm based on EKF is developed to estimate MAV 

position and yaw angle. Moreover, a jump filter is introduced 

to compensate the mutational effect caused by discontinuity 

in model function. Simulation results support the validity of 

the algorithm. 
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