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Abstract. The paper presents an application of probabilistic model to describe a radio propagation delay
in indoor environment. Model is based of delta functions sequence to describe retransmissions between a
transmitter and a receiver. Theoretical considerations have been verified by measurement results obtained
by using the experimental system developed for investigating delays caused by external disturbances in-
fluencing the wireless transmission. One of such a commonly occurring disturbances are walls in building

where the radio signal is propagating.
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1 Introduction

In recent years, one can observe a common usage of
wireless networks in measurement and control systems
which causes that determination of quality of services pro-
vided by such networks becomes a crucial problem [1].
In the modern systems, the knowledge of parameters
characterizing transmission channel quality allows to ade-
quate designing the system components. One of the essen-
tial quality parameters of data transmission in such sys-
tems concerns to delays introduced by different elements
of the network. The delays in networks are dependent on
many factors [2], the influence of which can be described
both in a deterministic and a probabilistic way. The deter-
ministic dependencies are mainly used to determine max-
imum values of delays [3], whereas probabilistic means
are used for determining distributions of the delays oc-
curring as results of factors described randomly [2]. The
probabilistic description of delays provides full informa-
tion on their features [4,5], therefore, its introduction into
the analysis of network characteristics can have a broader
meaning than application of deterministic descriptions.
Nowadays, to describe communication delays in prob-
abilistic categories, one can use different mathematical
means such as queuing theory [6], Petri’s nets [7] and
the theory of queues applying Markov stochastic pro-
cesses [8]. This paper proposes a method of probabilis-
tic description of delays mainly directed on wireless net-
works and based on using the delta function [2] for
description of both constant delays introduced by net-
work devices and communication delays appearing when
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retransmissions are performed. This model was described
in details in reference [10].

Most of nowadays radio measuring systems and trans-
missions systems such a home automation, wireless meter
reading and other operate in indoor environment. Build-
ings and other structures cause difficult problems for wire-
less (radio) communications. Whether communication is
via ZigBee, Wi-Fi or personal cellular phone, communica-
tions to, from, and within structures can degrade depend-
ing on a variety of factors [11,12]. These factors include
multipath effects, reflection from coated exterior glass,
non-line-of-sight path loss, and signal absorption in the
building construction materials, among others. The com-
munications problems may be compounded by lack of a
repeater to amplify and retransmit the signal or by poor
placement of the repeater. RF propagation in structures
can be so poor that there may be areas where the signal
is virtually nonexistent, rendering radio communication
impossible [11]. The paper show a description and mea-
surements of delays in different indoor structures.

2 Brief characteristics of the model

It has been assumed that all devices in the network use the
same transmission medium, therefore, to send data trough
a communication channel, the active transmitters have to
compete each other in order to get access to the medium.
The access procedure is of random character [9], moreover,
the data transmission trough the medium is disturbed by
different kinds of random factors [2,9]. In this physical
conditions, the total delay of data transmission in every
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Fig. 1. Sources of delays during transmission from node A to
B, 7a — time necessary to obtain the access to a communication
medium, 7ap — time of the message transmission.

communication chain created in the network is of random
character, too.

The essence of the method of modelling delays in wire-
less networks presented in the paper consists in using
delta function series which are treated as mathematical
descriptions of probability density functions of delays in
communications chains. The partial model describing a
delay of a transmission between two devices is relatively
simple in this case and its important feature is the possi-
bility of containing influence of disturbances on this delay.
The results of investigations of such an influence for dif-
ferent kinds of disturbances, passive and active, have been
presented in reference [2].

2.1 General model of delays

The simple situation is shown in Figure 1, where A and B
denote nodes of a wireless network which communicate
directly.

A model of the total delay has to contain all possi-
ble values of the delays occurring in the described condi-
tions [10]. If one takes into account that access procedures
commonly used in wireless networks are of random charac-
ter [1], the total delay should be described in probabilistic
categories. Such a description can be obtained by using
the Dirac’s delta [6] as a probability density function. The
convolution of the probability density function g(7) with
the delta function gives [10]:

g(r)@6(r—=b) =g (1 -0), (1)

which means that this convolution shifts the function g(7)
in the horizontal axis by the value b. It allows simplifying
transformations by making such displacements instead of
performing the convolutions. Basing on properties on delta
function [6] the probability density function of the access
delay can be write in the form:

9a (Ta) = gapat (Ta = 70) (2)

where 79 is the expected value of ga(7a).

This function plays an important role in when it is
used as a kind of a pattern in the delay model built on
the basis of measurements. The results enable obtaining a
pattern for ZigBee module as the normal probability den-
sity function gapat(7a) = N(0, 1) ms properly truncated
because ga(7a) > 0.
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Fig. 2. Transmission between two nodes disturbed by a wall.

2.2 Model of delays for indoor environment

The radio signal being the communication medium
in wireless networks is exposed to many different
disturbances both of passive and active nature [4,10]. The
passive disturbances are caused by terrain obstacles, walls,
etc. while the active ones result from influences of electro-
magnetic and electrostatic fields.

Generally, the appearance of disturbances cause that
the received message is not correct. Information about this
fact is sent back to the transmitter which usually tries to
send the message once more. The number of retransmis-
sions depends on construction of the wireless module and
can be determined by its user.

In Figure 2 there is shown the situation when two
nodes A and B communicate directly but a disturbance,
represented in this figure by a wall, causes that some trans-
missions have to be repeated, i.e. the message must be
retransmitted. It means that the partial delay 7ap con-
nected with the correct transmission of a message is not
constant as it has been considered assumed previously
but depends on the number of retransmissions. In the
work [2], it has been experimentally proved that in this
case Tap can be represented by the following delta function
sequence:

9aB (TaB) = apd (Tap — bo) + +a1d (Tap — b1) + . ..
+ aid (TaB — bi) (3)

where 0(.) denotes the delta function, k is the number of
retransmissions. Both ag, a1,...,ar and by, by,...,b; are
constant coefficients with non-negative values.

The total communication delay 7., can be described
by equation resulting from (1) and (3) what was shown in
reference [10]:

Grot (Teot) = a0ga (Teot — bo) + +a1ga (Teot — b1) + ...
+ arga (Teot — bi) , (4)

which is the sum of duplicates of the probability density
function ga(-) properly moved in time by the constant
values by, b1, . . ., b and multiplied by the constant coeffi-
cients ag, a1, ..., ar, which describe the probability of oc-
curring the succeeding retransmissions.

Equation (4) is the probabilistic model of the total
communication delay in indoor environment when distur-
bances affect the transmission, which causes the necessity
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Fig. 3. Scheme of the system for measurements of transmission
delays.

of retransmissions. Instead of using the function ga(-) in
this model, it is better to introduce the pattern gapat(-)
described by (2), which has the expected value equal to 0.
In this case the time displacements by, b1, ...,b; can be
determined in relation to the vertical axis as constant de-
lays 79, 71,..., 7Tk, which allows calculating them on the
basis of measurement results. Taking this into account, on
can write the parameters of the model describing the de-
lays of the disturbed communication on the way between
nodes A and B as:

DelaYAB {gApat () ) (a077—0) ) (ala Tl) R (aka Tk)} : (5)

To verify the thesis that this model is a good description of
delays in wireless networks exposed to disturbances, the
total delays in real networks were measured with use of
the developed system and parameters of the model were
identified for several kinds of external disturbances.

3 Measurement system

The main practical application of the proposed mathe-
matical apparatus consists in description of communica-
tion delays by the model, parameters of which depend on
properties of factors disturbing the transmission medium.
To identify the model, it is necessary to measure delays
in selected conditions. The general scheme of the system
used for measurements of communication delays in wire-
less networks is shown in Figure 3.

The investigated communication channel consists of
two elements: a transmitter and a receiver working in
ZigBee standard [3,9]. Then used radio modules were
Xbee’s from Digi International. Transmission of data hav-
ing a constant length is disturbed by different kind of fac-
tors such as walls, electromagnetic or electrostatic fields
and other wireless transmissions. The delay, defined as the
time between the start of sending data in the transmitter
and the moment when data are completed in the receiver,
is measured by a microcontroller.
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Fig. 4. Probability density function pattern.

Table 1. RSSI ratio measurement results.

Kind of wall RSSI ratio, dBm
1 —22

—28

—33

—41

-35

—54

SO W N

4 Experimental results

The tests were conducted in indoor environment for the
various walls of different construction. During the mea-
surements the ratio RSSI and transmission delay between
wireless nodes were registered. In order to obtain a prob-
ability density function pattern measurements were taken
in an environment without passive and active distur-
bances. The result is shown in Figure 4.

The model for histogram from Figure 4 is given by
equation:

Grot (Trot) = 1 ga (Teot — 8.2). (6)

The horizontal shift is 8.20 ms and all transmitted by
A node data packets were received by node B. This his-
togram is called a pattern because it describes a delay
without any passive or active disturbance.

Then, measurements were performed for disturbances
factors like:

Single brick wall 150 mm thick.

Single brick wall 300 mm thick.

Double brick wall 150 mm thick each.
Double brick wall 300 mm thick each.
Single concrete wall 100 mm thick.
Double concrete wall 100 mm thick each.

SoE W=

Table 1 shows the results of measuring the RSSI ratio.
The results may differ in similar indoor situations because
of specific properties of used materials and such a param-
eters like temperature and humidity.
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Fig. 5. Delay histogram for single brick wall, 150 mm thick.
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Fig. 6. Delay histogram for single brick wall, 300 mm thick.

From the table above appears that concrete attenu-
ates the radio signal much more then bricks. A radio sig-
nal passing through the two thin walls is more attenuated
than passing through a single wall with a thickness being
the sum of single wall thickness. This is due to the phe-
nomenon of attenuation, scattering and multipath [11].
This parameters measurements was also studied in [12].

Figures from 5 to 7 shows the example results of com-
munication delay measurement for 1, 2 and 5 (from Tab. 1)
situations respectively.

Figure 5 presents situation when not all of transmitted
packets reach the receiver by the first time. Five percent
of them were retransmitted with average delay 10.4 ms.
The obtained model from situation described on Figure 5
can be written as:

Jtot (Ttot) = 0.95ga (Trot —8.2) + 0.05ga (7ot — 10.4) . (7)

In situation shown in Figure 6 we have three pattern dis-
tributions shifted by 8.2 ms, 10.4 ms and 12.6 ms. That
means the radio signal is highly attenuated and part of
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Fig. 7. Delay histogram for single concrete wall, 100 mm thick.

packets (9%) were retransmitted second time (8):

Jtot (Ttot) = 0659A (Ttot — 82) + 026gA (Ttot — 104)
+ OOQQA (Ttot - 126) . (8)

For transmission by one concrete wall radio signal is also
highly attenuated but only 4% of transmitted packets are
retransmitted second time. It shows that one concrete
wall less affected the communication delay then two brick
walls.

Grot (Trot) = 0.74ga (Tror — 8.2) + 0.22g4 (Tior — 10.4)
+ 0049A (Ttot - 126) . (9)

Other performed measurements shows that combination
of concrete and brick walls affected transmission delays so
much that part of packets can be lost.

5 Conclusions

The presented model allows for the description of the
communication delays taking into account the data re-
transmission caused by passive disturbances such as walls
and partitions in the environment inside the building. The
model is also very easy to implementation in simulation
environment like OPNET Modeler [2,3]. Other performed
measurements shows that combination of concrete and
brick walls affected transmission delays so much that part
of packets can be lost.
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