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Introduction 

 
A Wireless Sensor Network (WSN) starts with an 

unorganized deployment of physical sensors connected to 
transmit/receive modules. Such a system of sensors can be 
discussed in terms of a network only if logical and physical 
connections are established between these modules – a 
process called hence forth – the network spanning. There is 
a number of techniques for performing the self-organizing 
network formation, out of which the most popular to 
mention are the ZigBee-native algorithm and Stojmenovič 
family of algorithms. Invoking definitions from the theory 
of graphs, the former belongs to the group of, so called, 
Minimum-Spanning Tree (MST) whereas the latter are 
assigned to the Local MST (LMST) category (refer to [1–
7] for more details on the subject of the spanning protocols 
and sensor networks for environmental monitoring). These 
methods, admittedly fast to perform in real networks, do 
possess some major drawbacks (exemplified in fig. 1a-c), 
namely they do not assure a reliable network structure and 
there occur crossings of connections between nodes pairs 
which makes the topology non-planar (a rather unwelcome 
feature of a WSN when directional antennas are in use). 
An improvement to these downsides can be made by 
incorporating techniques assuring a fully planar reliable 
structure based on the Gabriel’s Graph (GG), as described 
in more detail in [9, 10]. One simple enhancement 
introduced there to the original GG is the way of choosing 
the neighbor to connect to. In the investigations presented 
in the following sections the neighbor was always found on 
the least-path-loss basis rather than first-to-respond basis. 
It means that even if many nodes respond to a connection 
inquiry issued by a node, the link will be set up only with 
the one(s) with the strongest radio signal. Such an 
approach is different from the typical one – as is the case 
with MST and LMST – where the choice is made on the 
first-to-respond basis. However, in practice the earliest 
replies do not necessarily arrive from the physically 

nearest devices (as, for example between nodes no. 17 and 
20 in Fig. 1c). 

Quantitative advantages of using: a) planar and b) 
reliable network topology as well as c) directional antennas 
for interference mitigation, have been thoroughly discussed 
in [9]. It was proven there that a substantial increase (c.a. 5 
dB) in the average network SNIR (Signal-to-Noise and 
Interference Ratio) can be achieved as compared to 
networks spanned with the other two, common algorithms 
(MST, LMST). 

 

 

Fig. 1. Example of a WSN formed by a) MST algorithm; an 
LMST with b) short listen window and c) long listen window; d) 
planar algorithm. A case with 20 nodes 

 
In the current paper it will be shown that if a sensor 

network is designed in accordance with these requirements 
(i.e. a-c), the relation between the desired signal received 
by a node and the sum of interference received from all 
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other nodes (so called Signal-to-Noise and Interference 
Ratio, or SNIR), exhibits a deterministic behavior which 
can be subjected to generalization in terms of a closed-
form formula – an appreciable feature in real WSN design. 

 
The origin of intra-network EMC issues in WSN 

 
The occurrence of intra-network electromagnetic 

compatibility is an issue that needs to be accounted for 
with as much attention and priority as routing, medium 
access control procedures, security etc. It is so because 
excessive radio interference may lead to the cessation of 
the network operation, which event may take place when 
multiple sensors attempt to convey messages about a 
sensed phenomenon at the same time. Such a numerous 
and simultaneous detection and transmission may appear in 
situations of e.g. fire or flood. A common metric for 
expressing the link quality in digital systems is SNIR 
which value – as viewed by each node individually – 
determines whether the reception will be successful (if the 
current value of SNIR lies above its threshold level 
SNIRthr) or failed (otherwise). For example, in a ZigBee 
IEEE 802.15.4 specification the minimum SNIR is defined 
as 5 dB [11, 12]. 

For the k-th node SNIR is given by  (1), where S is 
the desired signal power in [W], kB – Boltzman’s constant 
in [J/K], T – ambient temperature in [K], BW – channel 
bandwidth in [Hz], NF – Noise Factor [–], M – the total 
number of network nodes, whereas the last term in the 
denominator denotes the sum of radiations from all other 
nodes in the network (excluding, of course, the radiation 
from the k-th node for which SNIR is being calculated as 
well as an m-th node to which the transmission is 
addressed) 
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The simulation environment 

 
For the purpose of network simulations a software 

simulator has been developed comprising two components 
(both described in [9, 10]): 

- Matlab scripts (created by G. Debita) performing 
the network spanning algorithms on random scenarios 
generated by the C++ application described below; 

- a C++ Builder application (created by K. Staniec) 
used for: a) generating random node distribution scenarios 
(ten scenarios for each number of nodes M, where M was 
varied from 10, 20 up to 100) to be fed into the Matlab 
scripts and b) calculating SNIR based on the output files 
generated by the Matlab scripts (as above).   

Multiple scenarios have been generated for 
simulations, with a variable number of nodes, each located 
at 1.5 m above the ground and transmitting with the power 
0 dBm (at 0 dBi of gain). Nodes have been scattered 

randomly over a square area of 500×500 m. For calculating 
propagation losses a two-slope (TS) model has been 
proposed for the radio signal attenuation between 
communicating nodes. The model is viewed as a solution 
better fitted to low-height sensor antennas than the pathloss 
formula proposed in [11] for low-rate WPAN (Wireless 
Personal Area Network), which appears to be too static and 
optimistic. In TS, the propagation losses follow a 20 dB 
per decade fade before the breakpoint distance, dbrk, and 
40 dB per decade after, as given by  (2) [13] 
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Fig. 2. A model of the antenna radiation pattern: a) exact; b) 
simplified 

  
Simulations were carried out for sets of scenarios, 

each set consisting of ten scenarios of M nodes randomly 
deployed across the investigated squares area, with M 
varying from 10 to 100 (in steps of 10 nodes). A simplified 
model of a directional antenna was applied with a constant 
gain within the boresight (a 3-dB angle or 3dB) and 
attenuated by 25 dB outside, as in Fig. 2 [9, 10, 14–17]. 

 
Results of simulations: SNIR vs. antenna beamwidth 

 
A set of curves has been obtained – each representing 

SNIR averaged over all generated scenarios for each 
particular value of M. It should be kept in mind that the 
figures presented herein refer to a statistical node and for 
individual nodes the calculated SNIR will occur at 50% 
chance. Nevertheless, the intention behind the simulations 
was to illustrate the general signal-to-interference tendency 
inside the network when directional (instead of omnidirec-
tional) antennas are used. As can be seen in fig. 3a (more 
curves and their full analysis can be found in [9]), the most 
considerable change takes place when the network 
population is increased from M=10 to 30. With further 
increases in M the SNIR curves are shifted left less 
significantly. The interpretation of the outcomes is as 
follows: at a particular fixed beamwidth 3dB the SNIR 
experienced by a statistical node has a value depending on 
the number of network nodes – the greater M the lower 
SNIR, due to a growing number of possible interferes. 
What is also clear at first glance is a characteristic shape of 
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curves which will be given more attention in the section to 
follow. 
 

Fig. 3.  A SNIR dependency on the antenna beamwidth, 3dB in 
planar WSN topology (a); simulated and best-fit curves for 
selected values of M (b) 
 
A proposed formula for SNIR as a function of antenna 
beamwidth  and network population 

 
The shapes of curves shown in fig. 3a resemble an 

inverted logistic sigmoid function, defined – in its simplest 
form – by  (3). In the methodology accepted in this paper, 
it was extended to a formula containing a set of five 
parameters a0(M)–a4(M) for a proper modeling of each 
curve, as in  (4), where M denotes the number of nodes, 
each set of parameters valid only for a specific M. For 
initial visual verification, three of the resultant modeled 
SNIR curves were graphically presented in for three 
selected values of M in fig. 3b. It can be seen that the 
achieved match is satisfactory when parameters are 
adjusted individually per curve – particularly in regions 
where the antenna beamwidth is smaller than 120 or 
greater than 240. Moreover, it is easy to notice that as the 
best-fit parameters a0(M)–a4(M) for all ten curves are 
plotted against M in fig. 4a, they exhibit some tendencies 
which lend themselves for being expressed in more gener-
alized forms – of trends rather than of discrete values (as in 
fig. 4b). 

The final aim the investigations presented in this 
section was, therefore, to determine and evaluate of a 
general closed-form formula relating SNIR to 3dB, valid 
for any M and given by  (4). These best-fit sets of 
parameters )(ˆ0 Ma – )(ˆ4 Ma  obtained for each of the ten 

curves (for M=10–100) are depicted in fig. 4b: 
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Out of the five parameters (see fig. a), only a1,M and 

a2,M apparently not to vary with M therefore can be 
assumed constant. The other parameters, in turn, exhibit a 
linear (a0,M, a3,M) or exponential (a4,M) dependency of M. 
With these observations in mind one can attempt to write 
general formulas for all parameters (now marked as 

40 ˆˆ aa   for better discrimination between the individually 

best-fit parameters and their generalized forms). 
  

Fig. 4.  Plots of individual parameter sets (a); generalized models 
of parameter sets (b) 

 
The results of these generalizations are stated in 

Table 1. Since the fundamental part of research consisted 
in replacing individual sets a0,M–a4,M with their generalized 
versions )(ˆ0 Ma – )(ˆ4 Ma  valid for any M, accuracy 

metrics were also placed in the last column of Table 1. For 

0â (M), 3â (M) and )(ˆ4 Ma the accuracy was expressed in 

terms of the correlation coefficient R whereas for the 
constant parameters 1â , 2â  the measure of fit was deter-

mined by the standard deviation dev from the mean. 
The simulations of SNIR were performed in 5 steps 

over the entire range of angles, which gave the total of 72 
samples. For this number (<120) a t-Student distribution 
was applied to calculate the threshold Rthr above which the 
products of fitting can be regarded as correct. In the case of 
72 samples Rthr should therefore be equal 0.232 for 
=0.05, 0.302 for =0.01 and 0.379 for =0.001. As given 
in Table 1, even for the estimated 3â  with the lowest R 

(0.685), it is still above the threshold Rthr=0.379 for 
=0.001. 
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Fig. 5. Plots of individual and general best-fit parameter vs. 
original curves (a); correlation coefficients between the original 
SNIR curves vs. individual/general best-fits (b) 

 
The last remaining step that consisted in recovering 

SNIR(3dB,M) from the generalized model using  (4) along 
with its parameters in Table 1, and comparing it with 
individual SNIR curves obtained in the original 
simulations. 

For purely visual comparison the accuracy of the 
reconstructed SNIR curves obtained with the general model 
for extreme values of M, can be verified in fig. 6a and 
Fig. 6b (for all numbers of nodes). The correlation 
coefficient R between the original simulated curves for 
each given M and those reconstructed from the general 
model defined in  (4) and Table 1, is shown in fig. 5b. It is 
demonstrated here that regardless of M, the correlation 
always lies above 0.95. 

 
Table 1. A set of generalized best-fit coefficients for SNIR 
dependency on M 

Param. 
General 

form 
m n k Accuracy 

)(ˆ0 Ma  mM+n 0.232 30.044 — R = 0.934 

1â  2.934 — — — dev = 
0.8779 

2â  0.0199 — — — dev = 
0.0037 

)(ˆ3 Ma  mM+n 0.024 -4.809 — R = 0.685 

)(ˆ4 Ma  nMm+k -0.25 41.246 -24.98 R = 0.984 

 
 
 
 
 
 

 
 

 
Fig. 6. Simulated SNIR (top) compared with the general model 
performance (bottom) 

 
Lastly, it should noted that the model is based on 

some assumptions regarding the area size (namely 
500500 m) on which the nodes are located. However, as 
the side of the area is scaled from its original 500 meters 
down to 375 m and 250 m, a certain offset appears be-
tween the curves (see fig. 7) representing each dimension. 
It is the greatest (c.a. 4 dB) for 3dB=0 and gradually 
diminishes to zero as the beamwidth is increased (i.e. for 
3dB=360 where all three curves overlap). Observing the 
response of  (5) to its parameters 0â – 4â  it can be easily 

proven that the initial value of SNIR (i.e. the offset 
discussed here) is only affected by 0â . Therefore, for any 

other antenna heights and area sizes, the values given in 
table 1 need not be modified except 0â  to fit the current 

value of SNIR for (3dB=0). More specifically, since 

0â (M) changes in a linear fashion with M, for sensor 

configuration scenarios other (in terms of the area size and 
sensor heights) than those assumed in „The simulation 
environment“ section, 0â  should be simply shifted by a 

constant offset up or down, whereas the other parameters 
in (5) will remain intact as in table 1. 
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Fig. 7. Plots of individual SNIR curves for 10 and 90 nodes for 
different linear dimensions of the total square area 

 
Conclusions 

 
The paper was dedicated to the analysis of the radio-

interference performance of a sensor network. Multiple 
simulations were carried out on various scenarios of sensor 
nodes placed randomly over a flat area and an average 
SNIR (per a statistical node) was obtained in each case. It 
was observed that in each case the signal-to-
noise/interference ratio exhibited an inverted sigmoid 
shape. Moreover, as parameters of the best-fit curves have 
been adjusted for each simulated scenario separately, they 
also showed an apparent regularity of trends with M and 
3dB. Remembering that the intra-network compatibility 
issue is critical to the network operation, a general formula 
for SNIR was derived and verified against the original 
separately obtained SNIR curves. It was found that the 
correlation coefficient estimations always lied above 0.95, 
which advocates the appropriateness of the derived general 
model. 

It should be emphasized, that the values obtained 
from simulations as well as those modeled, represent an 
average value of SNIR in the WSN instead of referring to 
particular nodes. However, the sole purpose of the research 
was to demonstrate a general trend in interference 
improvement resulting from the application of directional 
antennas. Such an approach can be used for WNS’s 
consisting of multiple nodes (and thus providing 
substantial redundancy) where individual treatment of 
nodes is cumbersome or even impossible. 
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