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Abstract. This paper deals with the distance estimation 
issue in 802.15.4 wireless sensor networks. On a basis of 
signal strength of received frames a distance between two 
sensor nodes is estimated. Estimation is done by using the 
log-normal shadowing radio propagation model (LNSM). 
Basic problems of signal strength based systems are varia-
tion of RSSI parameter and correct calibration of coeffi-
cients for the LNSM model. For distance estimation in 
wireless networks, static and dynamic methods of calibra-
tion have been already introduced. Static calibration has 
significant drawback in adaptation to the dynamical envi-
ronment changes. The proposed work deals with an ex-
perimental validation of dynamic calibration method for 
distance estimation in wireless sensor networks. This 
method for dynamic estimation of radio environment pa-
rameters for LNSM results in the significant improvements 
in the distance estimation accuracy in comparison with the 
known static methods. 
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1. Introduction 
Wireless sensor networks (WSNs) are networks of 

specific character and usability with a wide scope of appli-
cations. WSNs have taken important place at information 
systems in last years, they are characteristic for their prop-
erties such as ultra-low energy consumption, low price and 
scalability. 

Today the very popular standard for these networks is 
IEEE 802.15.4. It defines the physical (PHY) and medium 
access control (MAC) layer, but it does not define any 
specifications for upper layers, which depend on the used 
application. 

Distance estimation in WSN is a very popular re-
search topic, because it is a cheap way of localization in 
indoor environments where high accuracy is not needed. It 

has wide scope of applications such as medical, healthcare 
monitoring as proposed in [1]. The next suitable applica-
tions are surveillance, intrusion detection applications and 
automatic tracking or location estimation systems.  

In systems for distance estimation two types of de-
vices are used. These are devices with a fixed known posi-
tion, so called reference nodes, and the others are mobile 
devices with unknown position. One can estimate absolute 
or relative positions of these mobile nodes against the 
reference ones.  

The main idea of ranging technologies in WSN sys-
tems is transmitting of the signal from a node with un-
known position to a node or a group of nodes with fixed 
known position or vice-versa. These fixed nodes can 
process radio signal many different ways on the basis of 
the received radio waves properties. For example time dif-
ference between transmitted and received radio signal 
(ToA - Time of Arrival), angle of arrival (AoA) and on the 
received signal strength (RSS) basis.  

In this paper we have proposed and analyzed two 
RSS based methods for distance estimation between two 
wireless nodes. Nowadays, this method is very popular 
thanks to its simplicity and low implementation price be-
cause no additional hardware is required. The first method 
uses static calibration of LNSM parameters for distance 
estimation, where the best parameters are chosen after 
measuring the whole interval of distances. This means that 
the environment has to be known for the first and then its 
properties have to be estimated. There is also assumption 
that environment will have constant properties for the 
whole time. On the other hand, the second proposed 
method uses dynamic calibration performed during the 
measurement, which means that environment can change 
its properties.  

The rest of the paper is organized as follows: Sec-
tion 2 presents a brief description of other methods and 
approaches to this issue. In Section 3 we focus on the RSSI 
fundamentals and briefly describe its essential properties. 
Section 4 is devoted to the introduction of the propagation 
model used in this work. Within this section, the RSSI 
application for distance estimation purposes is also investi-
gated. In Section 5 the proposed communication model and 
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algorithm for dynamic calibration of the needed coeffi-
cients used in LNSM formula is introduced. This section is 
the main contribution to this experimental work. Subsec-
tion 5.2 with the results from indoor environment is also 
provided. Conclusion and future work is provided at the 
end of paper. 

2. Related Work 
Some of the related works deals with processing of 

the RSSI parameter with approximation methods [2] and 
filters [3]. In [2] statistical mean values, distances between 
the fixed nodes and Gaussian model to avoid the instability 
of RSSI were used. They conclude that the approximation 
with Gaussian model has the best performance. In [3], 
performance of Grey model, Kalman and Gradient filter 
within contemplating the holes of signal coverage inside 
the covered area were tested. Also [4] and [5] discuss the 
application of RSSI for distance measurements. They 
conclude that it is not an appropriate metric for localization 
systems because it lacks reliability between RSSI within 
increasing distance in different directions from a trans-
mitter.  

Some of the related works were devoted to the static 
calibration of parameters that are needed for LNSM for-
mula. The main idea of these “static” systems is that the 
coefficients for LNSM are estimated at “configuration” 
time, when the network is created. Individual parameters 
for LNSM formula are statically estimated and used during 
the whole time of WSN application, even if the environ-
ment is dynamically changed, which is a significant draw-
back of this method. In [6] authors investigate also the 
adaptive method at small distances, where they were using 
not average values but the minimum, median and 25% 
quantile of all measurements at the same place. For adap-
tation they were using the artificial neural networks with 
back propagated error, where they achieved average esti-
mation error of 50 cm at 3.5 m x 4.5 m area. 

In many systems at short distances, the reference dis-
tance is given as 1 m. Parameter RSSId0 is measured at 
reference distance in every direction from a transmitter and 
then averaged. Path loss exponent η expresses how much 
radio signal strength decreases with distance. This can be 
estimated through measurement of radio signal propagation 
environment or it can be usually defined as constant for 
indoor or outdoor environment. In [7] the authors present 
more sophisticated way of defining the path loss exponent. 

We have also investigated the energy efficiency of lo-
calization method based on the RSS indicator, the results of 
these measurements can be found in [8]. Because the ISM 
band is widely used and affected by other systems, we 
conducted another measurement [9], where we tested the 
coexistence of low-PAN network with home microwave 
appliances in laboratory and home environments in order 
to analyze its impact on the performance of the communi-
cation system. 

3. Received Signal Strength Indicator 
Received signal strength is measured from each 

received frame as average value measured during the first 
eight symbols (preamble) and converted to the RSS indi-
cator. This conversion is variable for every type of radio 
chip [10]. With properly modeled path loss in a given envi-
ronment, it should be possible to formulate a relation 
between distance and RSSI value. Problems arise with 
dynamical changes in environment because of radio signal 
unstable properties. 

In this section we have introduced the results from the 
experiments with the human based interferences where we 
analyzed the variation of parameter RSSI in time and 
impact of movement of human being in the signal path. 
Two measurements were conducted, the first one with and 
the second one without violating the signal path in indoor 
inter-level environment. As can be seen from Fig. 1, we 
used three approximation methods for suppressing the 
instability of the RSSI. 

 

 
Fig. 1. Dependence of the RSSI during 2000 samples of radio 

signal in inter-level environment with 5 m distance 
between radio nodes. 
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Statistical mean value, median, and smoothing filter 
approximation method were every time applied on 500 
samples. Smoothing filter ensures that a large difference 
between RSSI values will be smoothed, so peak values or 
noise can be suppressed. 

Measurement accuracy of RSSI of the most today’s 
radio chips used in sensor nodes is about ±4 dBm [11] and 
RSSI is also rounded to integer values. This means that 
notable uncertainty is brought to the estimation of distance.  

Another uncertainty is caused by the signal propaga-
tion environment, like reflection, diffraction, scattering or 
penetration of the radio signal through the objects. There-
fore, there are three types of sources of errors in RSS 
measurements: Errors caused by hardware, signal propaga-
tion environment and errors caused by method for ap-
proximation of the RSSI value. 

4. Radio Propagation Model 
The whole idea of distance estimation by means of 

RSSI is based in ideal case on the assumption that the re-
ceived signal strength (RSS) is a function of the transmit-
ted power and distance on the path between two radio 
devices, which is shown in Fig. 2.   

Equation (1) represents the path loss model proposed 
in [12], which is commonly used at small distances such as 
in buildings. 
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where Pr(d) is- RSS in distance d [mW], Pr(d0) is RSS in 
the reference distance d0 [mW], η is path loss exponent [−], 
d is the distance between transmitter and receiver [m], and 
d0 is the  reference distance [m].  
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Fig. 2. Ideal RSSI over distance  

RSSI value and reference RSSId0 are in dBm units. 
The relationship between the distance in (3) and RSSI 
value in (2) can be obtained with adjusting of (1). Equation 
(2) is so-called simplified log-normal shadowing model. 
Parameters RSSId0, d0, η are the main parameters for LNSM 
formula and they define the properties of radio propagation 
environment. 

4.1 Distance vs. Measured RSSI 

In this section we have tested the relation between the 
RSSI and distance shown in Fig. 3 in indoor environment. 
The experiment was conducted within constant transmit-
ting power of 3.2 dBm between two IRIS XM2110 radio 
devices communicating in free space without obstacles. 
 

Method 
η 
[-] 

d0  
[m] 

RSSId0 

[dBm] 
δ 

[%] 

AVERAGE 6.53 18.18 -72.19 10.12 

MEDIAN 6.54 17.12 -75.73 11.71 

SMOOTHING 6.42 12.18 -71.80 10.10 

Tab. 1.  The most efficient coefficients for Tx = 3.2 dBm. 

In Tab. 1 the most efficient coefficients and mean 
distance estimation error are shown. These coefficients 
were obtained with simulation of the static calibration 
method in MATLAB environment. Static calibration algo-
rithm uses every sample of the RSSI measured at a par-
ticular distance. Coefficients d0, RSSId0 and η are sequen-
tially applied to the LNSM formula.  

The most efficient coefficients are selected when 
applied in the LNSM equation to show the least estimation 
error for the whole interval of distance (in our case 21 m). 



RADIOENGINEERING, VOL. 22, NO. 4, DECEMBER 2013 1165 

 
Fig. 3. Real RSSI over distance. 

5. Adaptive Calibration of the LNSM 
Coefficients 
As can be seen from the previous results, RSSI is the 

very unstable parameter that can be affected by various 
factors. So properties of this parameter bring uncertainty 
into precision of distance estimation techniques.  

Many research papers describe distance estimation as 
a static process, when for the first, coefficients for LNSM 
formula are calibrated in a particular environment and then 
they are used for a whole time of measurement. Values of 
RSSI are environment dependent, which brings another 
problem, since we cannot guarantee that properties of envi-
ronment stay constant. As can be seen in Fig. 3, there is not 
visible any notable relation between RSSI and distance in 
indoor at the whole interval of measured distance.  

The proposed method tries to take all of these factors 
into account. This ranging system consists of fixed nodes 
that are suitably placed and continually sense the radio 
propagation environment, so they can dynamically evaluate 
coefficients for LNSM formula. Sensing the environment, 
respectively acquisition of RSSI value is performed at the 
background of communication between fixed devices. 

5.1 Description of Method 

Statistical mean value is used as the approximation 
method for suppressing the disturbance that occurs during 
sensing of RSSI. 

In Fig. 4 there is an example of which information are 
sensed and computed for estimation of coefficient for 
LNSM formula. Calibration (fixed) nodes regularly process 
the received packets and gather information about RSSId0. 
This is performed on the background of useful communi-
cation. 
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Parameters that are characteristic between two fixed 
nodes like reference distance d0 and RSSId0 are known. 
Reference distance, which is in this case distance between 
calibration nodes, is known at the initial configuration. 
Then during the measurement, the value of RSSId0 is gath-
ered from packets exchange between calibration nodes. 
RSSI is the value measured between mobile and fixed 
nodes.  

Using these coefficients, the path loss exponent η of 
radio propagation environment is computed and defined 
with (5) proposed in [13]. Pr is the received power, Pt is the 
transmitted power in mW and d is the distance between 
two devices. 

For distance estimation between mobile and fixed 
node Equation (3) is used. These values of estimated dis-
tance can be used for such other purposes like defining the 
position of the node in space with any kind of lateration 
technique as in [14].  

Calibration of RSSId0, d0 and η coefficients is per-
formed only between a pair of calibration (fixed) nodes, 
which means that this method works correctly only when 
the pair of calibration nodes is located in a given area. One 
of the most important factors in this method is selection of 
the “appropriate” calibration node pair, so potential dy-
namic changes in given environment can be suppressed.  
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Fig. 4. Selection of the calibration node pairs. 

Value of RSSId0 is very important for utilization of 
introduced dynamical calibration method. Interferences, 
other systems working in the same band, obstacles and 
movement of humans directly affect this value, what allows 
us to adjust the coefficients for LNSM formula. Calibration 
nodes regularly gather information with each other about 
RSSId0 that is affected by dynamical changes in radio pro- 
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pagation environment. Mobile nodes also regularly broad-
cast information to all fixed nodes in range. The value of 
RSSI between mobile and fixed node is then used for 
distance estimation. 

The proposed adaptive algorithm selects the appropri-
ate node pair for calibration process in a few steps. The 
example of sample topology is shown in Fig. 4, where 
selected nodes are differentiated by their color. This adap-
tive calibration process is performed for every fixed node 
that receives signal from the particular mobile node. Whole 
distance estimation in this implementation is performed at 
server database, where all sensed information is collected.  

The first step in the proposed algorithm is selection of 
the mobile and fixed node pair, where the distance will be 
estimated. In the second step searching for every possible 
fixed node with which the mobile node communicates at 
same time is performed. One part of this step is finding the 
set of fixed nodes that are communicating with each other 
for calibrating purposes. At the end there will be selection 
of the neighbor calibration node that satisfies condition of 
direct communication simultaneously with the pair of mo-
bile and fixed node. Another condition is that the new 
calibration node had to have the best value of received 
signal strength from the mobile node, so these nodes will 
be formed in triangle topology with minimum link cost at 
all line segments. With fulfillment of all these conditions 
there is assumption that mobile node is situated in the same 
environment as the calibration node. So for distance esti-
mation only actual adjusted values of coefficients specific 
for given environment are used. 

 
Fig. 5. Scheme of communication in sensor network 

Communication architecture of this system is shown 
in Fig. 5. A data packet between the pair of mobile and 
fixed nodes includes only necessary information like ad-
dress of the broadcasting mobile node and transmitted 
power. This packet is same when calibration between fixed 
nodes is in progress.  

The gateway collects packets from every fixed (cali-
bration) node, which contain source and destination ad-
dresses, transmitted power and received signal strength 
indicator. The gateway sends these values to the server that 
processes all incoming information to estimate distances 
between mobile and fixed nodes.  

For communication the CTP (Collection Tree) proto-
col is used which is implemented in TinyOS. This network  

can consist of multiple gateways that are the roots of the 
communication tree. CTP is suited for low data rate 
WPAN's (Wireless Personal Area Networks). This type of 
communication is characteristic for WSN. 

5.2 Experimental Measurement 

For verification of performance of this system, six 
reference nodes attached to the ceiling in research labora-
tory and hall were used. The beginning of the coordinate 
system is in the left bottom corner on the ground plan 
shown in Fig. 6. The adaptive distance estimation method 
that does not meet the line of sight (LOS) condition was 
evaluated with this measurement. Therefore, this system 
could be used in various types of environments, where 
obstacles and dynamical changes are present. Every meas-
urement was carried out on the marked points (cross 1-25) 
shown in Fig. 6. 
 
 

Node ID Position X [m] Position Y [m] Position Z [m] 
103 11,7 9,8 3,3 
106 11,7 2,1 3,3 
126 0,34 1,1 3,3 
127 0,34 4,73 3,3 
128 7,52 4,73 3,3 
129 7,52 1,1 3,3 

Tab. 2. Node positions 

 
Fig. 6.  Ground plan of measured environment. 

In the following graphs in Fig. 7 the ideal curves 
(black dashed line) of the distance estimation and maximal 
accepted variation (red dashed line) that was specified as 
±1.5 m are shown. The distance estimation error from the 
original 10% achieved with static calibration shown in 
Tab. 1 was reduced to 4%. Therefore, our method for 
adaptive estimation of radio environment parameters 
results in the significant improvements in the distance esti-
mation accuracy in comparison with the known static 
method. 
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Fig. 7.  Comparison between real and measured distance. 

6. Conclusion and Future Work 
The methods for distance estimation that can be used 

in indoor environment are very up-to-date topics. They 
have wide scope of applications like monitoring or sur-
veillance of human beings or objects.  

WSN devices used for RSS based method are not 
suitable for distance estimation with high precision. But 
they can be used at applications where this is not the main 
condition. With dynamical method we can estimate dis-
tance using LNSM formula without manual calibrating of 
every parameter. Errors from the original 10% achieved 
with static calibration shown in Tab. 1 were reduced to 4%. 
Inaccuracy that can be seen from the graphs in Fig. 7 could 
be caused by environment itself, where human beings, 
electronic devices in laboratory and other wireless systems 
working in the same 2.4 GHz ISM band were present.  

Future work will be aimed to investigate the maximal 
count of reference nodes and distances between them. 
There will be also interests to use lateration techniques for 
estimation of position in space and choosing the “right” 
reference nodes for improving the method. Optimization of 
communication architecture with considering of energy 
consumption will also be a future topic. 
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