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Abstract 
 
 To find a location, GPS has been wildly used. But, it is hard to use in indoor because of very weak signal level. To 
meet indoor requirements, there have been many studies applying wireless communication networks such as WLAN, 
UWB and ZigBee. Among these, ZigBee is widely adopted in many WSN applications because it has an advantage of 
low-power and low-cost. In ZigBee, the RSSI is used as range measurement for ad-hoc network. The RSSI are 
converted to ranges using the signal attenuation model and these ranges become inputs of positioning methods. The 
obtained position with RSSI has large error because of its poor accuracy. To overcome this problem, ultrasonic 
sensors are added in many researches. By measuring the arrival time difference of ZigBee and ultrasound as a range 
measurement, the precise position can be found. However, there are still many problems: scheduling of beacons to 
transmit signals in a correct order, addition and synchronization of beacons and low-rate positioning rate. At this 
paper, an efficient method to solve these problems is proposed. In the proposed method, a node transmits ZigBee and 
ultrasound signal simultaneously. And beacons find the range with the received signals and send it back to a node 
with ZigBee. The position is computed in a node with the received ranges. In addition, a new positioning algorithm to 
solve the risk of the divergence in the linearization method and the singularity problem in the Savarese method is 
presented. Both static and dynamic experimental results show 0.02m RMS errors with high output rate. 
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1. Introduction 
 

WSN(Wireless Sensor Network) is the communication and 
network technology using ultra small sized and ultra low 
powered sensor devices, which can be applied to many fields like 
smart homes, health cares, military, delivery, ITS(Intelligent 
Transportation System), environment monitoring, robots and 
cars. ZigBee is used in many WSN applications because it meets 
the low cost and low-power requirements. The PHY and MAC 
layer of ZigBee is standardized in IEEE 802.15.4. In location 
awareness WSN applications, seamless positioning is required. 
GPS (Global Positioning System) is popular in an outdoor 
positioning, but it suffers from signal blockage by the obstacles 
like buildings, bridges and forest. Also high cost prevents a GPS 
receiver from wide spreading in WSN applications. On the other 
hand, RSSI (Received Signal Strength Indication) is inherently 
supplied for ad-hoc network in ZigBee, thus it can be used for 
positioning as in many studies like MoteTrack[2-5]. But the 
obtained position using RSSI has large errors because of its poor 
accuracy. RSSI is difficult to apply to many applications where 
precise position is required [6-7]. To improve the accuracy, other 
sensors are added to RSSI as: wireless LAN in RADAR [8]; 
infrared light in Active Badge [9]; UWB (Ultra Wide Band) in 
Ubisense [10]; ultrasound in Cricket [11] and U-SAT [12-14]. In 
ultrasound, accurate range can be found easily by measuring the 
arrival time difference between RF and ultrasound with simple 
hardware and software. 

In Cricket and U-SAT, the beacon in the known coordinates 
transmits both RF and ultrasound signals at the same time. A 
node measures the arrival time difference and converts to the 
range measurements by multiplying the speed of ultrasound. The 
position can be found using these range measurements. Because 

an effective multiple access method for ultrasound is not known 
yet, Cricket and U-SAT use TDMA (Time Division Multiple 
Access). Each node transmits signals during an allocated time 
slot T/m where T is the duration and m is the number of nodes. 
Time slot should guarantee the ultrasonic flying time from 
beacon to node. This structure has difficulties in adding, 
removing and synchronizing the beacons. For example, if there 
are 4 beacons and 1 node and maximum range is 30m, the 
minimum time slot is 90ms, and it takes 360ms to get the range 
measurements from 4 beacons, therefore the positioning rate is 
less than 3 Hz. Also, the faster user can not find correct position 
because the range measurements are sequentially collected with 
90ms intervals not at the same time. Furthermore, the power 
consumption is high because beacons should transmit RF and 
ultrasound continuously, so it is not suitable for low-power 
applications like WSN [15]. Finally, the positioning algorithms 
have limitations: beacons should be installed on the different 
heights in U-SAT and only 2 dimensional positioning is possible 
in Cricket. 

This paper proposes a new positioning method using ZigBee 
and ultrasound. A node transmits ZigBee and ultrasound 
simultaneously, and beacons measure a range using the arrival 
time difference in the proposed method. A beacon sends the 
range measurements back to the node by ZigBee communication 
channels. Finally, node determines the position using returned 
range measurements. The proposed method can solve many 
problems such as beacon installations, position rates and power 
consumption. Also, the positioning algorithm which computes 3 
dimensional positions without installation constraints is proposed. 
The evaluations of the proposed structure and algorithm are 
performed by static and dynamic experiments using a real system. 
The proposed method can be easily applied to all applications 
where both indoor and outdoor precise locations are required. 



2. Positioning using ZigBee and Ultrasound 
 
2.1 System Architect 

 
The process of ranging using the arrival time difference of 

ZigBee and ultrasound is shown in Figure 1. In the figure, node 
is a device which computes a 3 dimensional position. And 
beacon is a device installed on the known position 
( [ , , ]i i i iB X Y Z= ). If a node transmits ZigBee and ultrasound 
simultaneously, the ZigBee signal at the light speed arrives very 
faster than the ultrasound at the speed 331.5 0.60714US Cv T= +  
[m/s] where CT  represent temperature in Celsius. Thus beacon 
measures the interval ( US RFt t− ) and converts to the range by 
multiplying the speed of ultrasound as shown in eq. (1) where 

[ , , ]A A A Au x y z= is a unknown node position and i
Aw  is AWGN 

(Additive White Gaussian Noise) measurement noise with mean 
0 and a variation 2σ . 
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The measurement noise is affected by many factors: ultrasound 
speed error after temperature compensation, the noise of 
ultrasound detection circuits and so on. The temperature 
influence is not negligible because its error increases as the range 
is long. Fortunately, most nodes in WSN have temperature 
sensors and can use them to calibrate the ultrasound speed. If 
there is no temperature sensor in the WSN, it is desirable that 
some reference beacons have temperature sensors and transmit 
measured temperature to other nodes using network. 

To determine node’s 3 dimensional positions, the range 
measurements from more than 3 beacons are needed. If node 
moves on the plane, 2 dimensional positions can be found with 2 
range measurements. Generally, more than 3 beacons are used to 
determine uninterrupted position even if some beacons are 
blocked by obstacles. Figure 2 shows the example of a beacon 
constellation. The corner of the ceiling might be a good alternate 
when beacons are installed in a room. 

There are two methods for measuring the range between node 
and beacon in the Figure 2: a beacon transmits RF and 
ultrasound at the same time and node measures the ranges to 
each beacon (method 1); and a node transmits RF and ultrasound, 
beacons measure the ranges, and beacons send the measured 
ranges back to the node (method 2). Method 1 is similar to GPS; 
it has advantage of measuring range at node; and it is applied to 
Cricket and U-SAT. However, in method 1, only 1 beacon can 
transmit signals to avoid collision. To the best of authors 
knowledge, there is no efficient multiple access method except 
TDMA in ultrasound. Figure 3 illustrates a possible timing 
diagram of method 1 using TDMA. 4 beacons divide a cycle 
with an equal time slot and each beacon transmits RF and 
ultrasound to node at an allocated time slot. A node measures the 
range by measuring the time difference of RF and ultrasound. 
The size of time slot depends on the speed of ultrasound, the 
number of beacons and the size of an application area. If the 
maximum range in an application area is maxR , the minimum 
time slot max USR v  should be guaranteed in order to avoid a 
collision. For example, maximum range is about 28 m and 
minimum time slot is 83 ms in U-SAT. Therefore, using method 
1, 3 Hz positioning results can be obtained in this environment 
[12-14]. Also, method 1 has problems such as adding / removing 
/ synchronizing beacons, power consumption, erroneous position 
for fast moving node, and low output rate. 
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Figure 1. Process of ranging using RF and Ultrasound. 
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Figure 2. Deployment of Beacons and a node 
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Figure 3. The timing diagram of method 1. 
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Figure 4. The timing diagram of method 2. 



The time diagram of method 2 is given in Figure 4. A node 
transmits RF and ultrasound without considering the time slot 
and all beacons receive them. And then node requests to each 
beacons to return the measured ranges. A simple implementation 
where the node position is found at a beacon is also possible. It is 
applied to a patient monitoring at a hospital and in this case, the 
measured data gathering process can be omitted. However, in 
order to keep privacy, in this paper, the measured range is 
returned to a node thru the ZigBee network to compute a position. 
There are two methods to gather the range measurements: The 
first, beacons transmit the range measurements as soon as they 
measure them. The second, beacons keep the range until node 
requests it. In the first method, it is difficult to avoid the packet 
loss from collision. To prevent packet loss, the second method is 
chosen in this paper. The gathering process starts after 
guaranteed travel time of ultrasound, and a retry mechanism in 
application layer is added to prevent packet loss. 

 
 

2.2 Positioning Algorithm 
 

In order to determine node position in three dimensions, the 
nonlinear equation (1) is solved. A linearization method using 
Taylor series is reprehensive [16] but it has the significant 
problem that a solution may not converge to the correct value 
when the line-of-sight is rapidly changing. The other method 
named Savarese [17, 18] does not require an initial guess, it 
calculates a position by subtraction after squaring the 
measurements. But it has the singularity problem when the 
heights of all beacons are the same. In this paper the linearization 
method for 2 dimensions or 3 dimensions position is given. Also 
the modified Savarese method is given, where the weights from 
the covariance of the range measurements noise are included and 
the limit of same beacon’s height is removed. 

 
2.2.1 Linearization Method 

 
If a node has the range measurements from ( 3)m ≥  beacons, 

a position can be found as following. Linearization of eq. (1) 
with respect to the nominal position ( )0 0 0 0

Tu x y z=  gives 
eq. (2), or in a simple form of eq. (3). 
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= = =  is line-of-

sight vector from a nominal point to a beacon. Since each range 
measurements is independent, covariance of measurement noise 
becomes diagonal matrix as shown in eq. (4). 
 

2cov( ) ( )A A iQ w diag σ= =              (4) 
 
Applying WLSQ (Weighted Least Squares Estimates) to 
equation (3), the position errors and its covariance can be found 
as in eq. (5) and (6). By adding the estimated position error ˆAuδ  
to initial nominal point 0u , the position can be fixed. These 
procedures are iterated to get a converged solution. If each 
beacon measures the range with the same accuracy, 

2 2 2
1 mσ σ σ= = =… holds and eq. (6) becomes cov( )Auδ =  

2 1( )T
A AH Hσ − . 
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If the height of a node is fixed, using the nominal point 
[ ]TFzyxu 000 = , 2 dimensional position can be found using 

equation (7). 
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This method can be used to applications where the node height is 
fixed, such as a robot cleaner. And this method gives robust 
result because it is possible to find positions with two beacons 
only. 
 
2.2.2 Modified Savarese Method 

 
Eq. (8) can be obtained by ignoring the measurement errors 
i
Aw  in equation (1), and squaring both sides to get 2( )i

Aρ , and 

differencing with 2( )m
Aρ . 
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Using [ ]Tiiii ZYXB =  and [ ]TA A Au x y z= , eq. (8) 
becomes eq. (9). 
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Eq. (10) holds for the m beacons, and can be represented with 
simplified form in eq. (11). 
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Using WLSQ, the position and its covariance can be found as in 
eq. (12) and (13) where the element of covariance matrix is 

2 2 2 2 2 2 2cov(2( ) ( )) 2 (3 4 4 )Si i i m m i m i mv w w wσ ρ ρ σ σ ρ ρ= − + − = + + . 
 

1 1 1( )T T
SSu B Q B B Q ρ− − −= ∇ ∇ ∇ ∇�           (12) 

2( )S SiQ diag σ=                 (13) 
 

A position is calculated without considering weight in the 
original Savarese method but in this paper it is included as in eq. 
(12) because the measurement noise increases in proportion to 
range. When the beacons are installed on the same height, the 
last column of matrix B∇  becomes 0 so that the inverse of 



1( )TB B −∇ ∇ can not be found. To solve this singularity problem, 
the beacon should be installed on the different heights but 
sometimes it gives limitation to installation. This paper presented 
an alternate positioning method using eq. (14) instead of eq. (8).  
The height Az  can be found using equation (15) using the fixed 
( , )A Ax y . More precise height can be obtained by averaging the 
results from all beacons. 
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3. System Implementation  

 
Figure 5 illustrates the hardware structure of a node and a 

beacon. The hardware consists of a RF part, an ultrasound circuit 
and a microcontroller. A RF part is made with Chipcon's CC2420 
chip and an ultrasound circuit with AT/R40-10P of KOMAN 
TECHNICS. An Atmel's AVR ATmega128 is used as a 
microprocessor. A beacon makes the 40 kHz frequency pulse to 
drive ultrasonic transducer using PWM (Pulse Width 
Modulation) controller in ATmega128. An ultrasound receiver is 
in a beacon and an ultrasound transmitter is in a node. To 
synchronize between RF and ultrasound, the SFD signal from 
CC2420 chip is used. SFD signal is generated when a data frame 
is transmitted and received using ZigBee RF communication [19], 
so by using the SFD signal to transmit ultrasound, 
synchronization can be done. At a beacon, the activation of SFD 
means the arrival of RF signal. By starting a timer when the SFD 
comes and stopping a timer when an ultrasound arrives, the time 
interval between RF and ultrasound can be measured. 

Ultrasound receiver uses an envelop detector circuit with an 
experimentally determined threshold. Since all ultrasound 
receivers have a same fixed amplification gain and 
corresponding threshold, detection delay increases as the range 
grows. A calibration is possible by controlling the gain or 
changing threshold in compliance with range or adjusting weight 
in a positioning process. To transmit ultrasound to wide ranges, 
the ultrasonic senor with wide beam patterns is preferred. At this 
paper, the ultrasonic sensor with 100 deg beam pattern is used. 

Figure 6 shows the flow chart of a node and a beacon. A node 
enables 40 kHz PWM signal and transmits ZigBee signal to all 
beacons by setting as a broadcasting packet. And an ultrasound 
transmitter is triggered by SFD signal which happens at the start 
of ZigBee packet transmission. A node has to wait until an 
ultrasound flies to the farthest beacon before a node sends 
another packet. After that, a node requests beacons to send back 
the measurement sequentially, and each beacons transmit a 
packet which contains the range measurements as a response. A 
node re-tries the request 3 times when a node does not receive a 
reply from the corresponding beacon within a certain period of 
time. During the packet receiving process, the RSSI 
measurement from the CC2420 is also measured.  

There are two 8-bit counters and two 16-bit counters in 
ATmega128 [20] and one of 16-bit counters is used to measure 
the time difference of the RF and ultrasound. A 7.3728 MHz is 
used as microprocessor clock and it is divided by 8 to be a timer 
clock. Therefore, the resolution of the timer is 1.08 us, or 
equivalently the range measurement resolution is 0.367 mm and 
the maximum range becomes 24.174 m when the speed of 
ultrasound is 340 m/s. 
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Figure 5. Hardware structure of Node and beacon. 
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Figure 6. Flow chart of Node and Beacon. 
 

A node calculates a position using the gathered range 
measurements. A node can use a linearization method or a 
modified Savarese method as a positioning algorithm. If a node 
has the ranges measurement from more than 3 beacons, 3 
dimensional positions can be found. On the other hand, if a node 
has the ranges measurement from only 2 beacons, 2 dimensional 
positions can be found. 

 
 

4. Experimental results 
 

The test bed for experiments is configured as in Figure 2. The 
width and depth of test bed is 3 m and height is 2.8 m. Four 
beacons are installed at the corners of the structure. The heights 
of all beacons are the same. Both static and dynamic experiments 
are performed. For static experiments, 500 measurements at 49 
reference points whose positions are known. The reference 
points are on the bottom of test bed with 40 cm grid. The 
positions are found using both linearization method and modified 
Savrese method. At each reference point RMS (Root Mean 
Squares) errors are computed to evaluate the accuracy. RMS 
(3D) is the RMS computed using 3 dimensional positions, while 
RMS (2D) is computed using 2 dimensional positions. For 
dynamic experiments, a node is installed on a rotating chair to 
evaluate the repeatability of accuracy. To compare the 
performance of the positioning methods, the range measurements 
are gathered and stored in a PC, and the positions are determined 
with stored measurement in a post processing manner. Because 
the maximum range in the test bed is limited to 30 m, a node can 
send an ultrasound at every 88 ms, it corresponds to 11 Hz 
positioning rate. 

 
4.1 Static experiment 

 
With the stored range measurements, the positions of a node 

are determined by using a linearization and a modified Savarese 
method. In the experiments, range measurements from more than 



3 beacons are always available. 
When using the 2D linearization method, many wrong 

positions are found because of the divergent problem which is 
sensitive to the initial guess. However, 3D linearization method 
always gives the correct solutions with initial point as (0, 0, 0). 
The positioning results with the 3D linearization method are 
shown in Figure 7. Red o is a true position; blue x is an estimated 
position. RMS (3D) errors of the positions are shown in Figure 8. 
In Figure 8, the maximum RMS (3D) error is 0.0424 m at (3, 3), 
the minimum RMS (3D) error is 0.0136 m at (4, 2), the average 
RMS (3D) error is 0.0248 m with standard deviation 0.0018 m. 
Total RMS (3D) error is 1.2129 m. Here (n,m) means the 
location of node. For example (1,1) means the lower left location 
and (7,7) means upper right node in Figure 7. 

The Savarese method can not determine the position because 
all beacons are installed on the same height, while the modified 
Savarese method provides position. The positioning results with 
the modified Savarese is similar to those of the linearization 
method: the maximum RMS (3D) error is 0.0533 m at (6, 7), the 
minimum RMS (3D) error is 0.0122 m at (3, 6), the average 
RMS (3D) error is 0.0252 m with standard deviation 0.0029 m, 
and total RMS (3D) error is 1.2355 m.  

Table 1 summarized the mean and standard deviation of RMS 
(2D) errors and the RMS (3D) errors. Table shows the 
linearization method gives slightly better performance. The 
squaring error in the modified Savarese method is supposed as a 
reason. 
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Figure 7. Horizontal Trajectory  

using the 3D linearization method. 
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Figure 8.RMS (3D) errors using the linearization method. 

 

Table 1. RMS errors according to two positioning algorithms. 
Algorithm RMS error[m] 3D Linearization Modified Savarese 

mean 0.0192 0.0200 
std 0.0015 0.0024 2D
sum 0.9403 0.9815 

mean 0.0248 0.0252 
std 0.0018 0.0029 3D
sum 1.2129 1.2355 
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Figure 9. The rotary machine for a dynamic experiment. 
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Figure 10. Repeatability test results (angular rate 4.6cm/s). 
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Figure 11. The Height. 



4.2 Dynamic experimental results 
 
Dynamic experiments are performed with the rotating chair as 

in Figure 9. A rod is installed on the chair, a node is placed on 
the rod with a radius 67 cm and a height 50 cm. The rotating 
center of chair is in the middle of the test bed of Figure 2. The 
node on the rotating chair turns 7 times during 91seconds. 3 
dimensional positions are determined using the linearization 
method. Figure 10 confirms the repeatability of accuracy. The 7 
trajectories are within 2.5 cm boundary as predicted in the static 
test. The positioning results, blue x do not show clear circle 
because chair is turned by human hand. Especially the small 
position jumps in the lower right corner of Figure 10 are results 
of irregularity of bearings. The determined height of the node is 
shown in Figure 11. The height oscillates from 49.5 cm to 51.5 
cm as the node turns, it also shows the repeatability. 
 
 
5. Conclusion 
 

In this paper, an efficient positioning method using ZigBee 
and ultrasound is proposed and evaluated using real experiments. 
The proposed method can solve the problems such as: the 
difficulty of scheduling and synchronization of beacons, lack of 
flexibility in adding and removing of beacons, and low-rate 
positioning rate. In the proposed method a node transmits 
ZigBee and ultrasound simultaneous to beacons, and beacons 
find the range with the arrival time difference of two signals, and 
send back the range measurementsly to a node by ZigBee 
communication protocol. Finally, a node determines its position 
with the received ranges to keep the privacy. Furthermore, new 
positioning algorithms to avoid the installation limitation that the 
heights of beacons are differ. The proposed methods are 
evaluated in the test bed which has 4 beacons and 1 node. The 
static test results show that less than 2 cm RMS (2D) error can be 
achieved with a positioning rate of 11Hz. The 2D linearization 
method suffers the divergent problem and the unmodified 
Savarese method shows singularity problem when the height of 
all beacons is same as expected. The modified Savarese method 
gives slightly worse result than the linearization method because 
of squaring loss. The proposed method is expected to be easily 
adopted in many WSN applications such as smart homes, health 
cares, ITS, environmental monitoring and robots. 
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