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monitor the sensor data in real time onto a Graphic User

Abstract: Objective of this paper is how Digital Signal Interface. A Sumarudin et a [12] developed a system based
Processing can be implemented in Wireless Sensor Network  on microcontroller and Xbee radios in order to monitor the
(WSN) using Java. Digital Signal Processing enables the g5 of soil. Rashmi Priyadarshini et a [13] designed a
application of digital filters and algorithms. These filters have a system based on wirdless sensor network for campus

great advantage over analog filters. Further, we have performed . . . .
statistical analysis on the received dataset in real time. Statistical monitoring which protects the campus against the intruders

analysisgives usvaluableinformation about thedataand howitis ~ Who can enter the campus after working hours. Sriram
distributed. The statistical analysis results will be logged in real ~ Kagitha et a [14] designed a Wireless Sensor Network for
time using the Java application. thermal power plants based on Zigbee and GSM modules.
Andrey Somov et a [15] developed an Early Gas Detection
Keywords: Wireless sensor networks, Xbeeradio, Java, Digital  system consisting of sensor node, actuator and on board
Signal Processing, Statistical Analysis, Data logging. sensor. Kothuru Anudeep and S. Srinivas [16] developed a
Home Monitoring System based upon Wireless Sensor
Network for monitoring the elderly activity. Sung WT et al
I. INTRODUCTION [17] designed a system based on arduino and Xbee radios to
Wireless Sensor Networks (WSNs) play an important rolein ~ monitor and control the environmental parameters. Eric Ayars
measuring and monitoring the environmental parameterssuch ~ and EstellaLai [18] analyzed intheir paper that how data can
as temperature, pressure, humidity etc. WSNs are seen as  be collected and transmitted to base station using Xbee radios
alternative to their wired counterparts. In measurement of ~ Rashmi Jain et al [19] developed an Irrigation System based
remote location parameters the traditional wired systems fail ~ onwireless sensor network to monitor various parameters like
[1].Industries are gradually adopting the WSNSs for process  temperature, moisture etc.
monitoring, control and data processing [2-6].WSNs are  R.K. Dhammi et al [20] demonstrated avery user friendly and
collection of miniature autonomous devices on which sensors  €ffective approach to measure the temperature of remote
are embedded known as sensor node [7-8]. Basic components  place by keeping the Xbee radio module with sensor at remote
of atypical node are shown in Figure 1. The Xbee radiosare  end and collecting the data at receiving end using Xbee radio
scalable, flexible and easy to use. WSN has very wide and Arduino module. Further awireless real time monitoring
application in domestic as well as in industrial field, like and predictive system with cold junction compensation
collection, transmission, processing and monitoring of remote  Without using any peripheral hardware was devel oped by R.K.
data [9]. Rashmi Singh et al [10] designed a wireless system  Dhammi et al [21].
to monitor and transmit the environmental parameter such as
temperature. Boyu Dang et a [11] designed a Wireless (" @ Wireless sensor node )
|

Biomedical Sensor Network (WBSN) to collect, transmit and
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Digital Signal Processing and Real Time Statistical Analysisin Wireless Sensor Networks Using Xbee and Java

In the proposed approach, Xbee radios are used without
microcontroller. Capability of Javaisused to processthe data.
The purpose of this paper isto demonstrate the following:

e Application of Digital Signal Processing algorithms
to Wireless Sensor Networks using Java.

e The advantage of using digital filters in Wireless
Sensor Networks using Java.

e To perform statistical analysis on the data received
from aremote node in real time.

e To log the results of the statigtical analysis and
received datain real time.

The outline of this paper is as follows. Section Il describes
about Back Ground, Section |11 depicts about System Layout
which includes experimental set up aswell asthe Flow Chart.
Software and Hardware components are described in Section
IV and V respectively. How DSPisimplemented using Javais
explained in Section VI. Section VII is about ‘Statistical
Analysis using Java’. Result and Conclusion are discussed in
Section VI and I X respectively. Future Scopeisdiscussed in
Section X.

I1. BACKGROUND

Wireless Sensor Networks which are spread over a large
domain suffer from a number of scalability issues. One of the
most common and prominent one is the distance between the
remote and controller nodes. The signal strength in wireless
sensor networks greatly reduces with distance and obstacles.
Wireless data transmission is also prone to interference and
noise. The source of this interference can be electromagnetic
(EM) waves generating from other electrical devices present
nearby. Due to the abundance of wireless devices in modern
day workspaces, the chances of In-Channel and Co-Channel
interference are greatly increased. This interference can
create noisein thereceived signal. If the received signal isthe
output voltage of a sensor, there is a high probability that the
received signa contains some error. Often analog filters are
employed in electric circuits to remove the unwanted
components (or noise) in the signal. Analog filters are based
on the concept of resonance. Therefore, different
combinations of resistors, capacitors and inductors can be
used to provide different values of impedance. Impedance is
then used to suppress the noise components of asignal. The
Javaapplication is used to connect to the coordinator Xbeein
the wireless sensor network. The Java application is used to
collect data from the wireless sensor network. The digital
filters can be applied in the Java application. Digital filters
offer a number of advantages over analog filters. Wireless
Sensor Networks generate a large amount of data that has to
be processed and stored. The stored datamay later be used for
other purposes. In case of amulti node multi sensor network,
the amount of data generated becomes large and complicated.
This leads to the need for dtatistical analysis. Statistical
analysiscan help to determine the correlation between the two
data sets. It can be used to gain the minima, maxima, mean
etc. of agiven data set. These values hold alarge significance
for data researchers and for data visuaization. Statistical
analysis hel ps present the user with accurate information that
can help him in the decision making process.
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[1l. SYSTEM LAYOUT

System layout consists of various software and hardware
components which are explained in subsequent sections. Two
Xbee radio modules have been used, one as a coordinator and
other as arouter. The Coordinator and router Xbees work in
APl and AT modes respectively. The router module makes
use of API frame 19 to transmit the data. Temperature data
sensed by LM 35, connected at pin no 17 of router Xbee
module, is transmitted by router module wirelessy to
coordinator Xbee which is connected to PC via USB Xbee
Explorer. X-CTU software has been used to configure the
Xbee modules as coordinator and router modules. Program
has been written in Java using Java Xbee APl which makesiit
possible to communicate easily between Java program and
Xbeeradios. After fetching the data from received frames the
Java program converts it to temperature data, represents the
data as a time-temperature graph as well as writes the data to
disc [Figure 2.].

Java

Wireless coMm *DSP
Xbee X Xbee +Memory & Logging
(Router) (Coardinator) eStatistical Analysis
Sensor
LM-35

Fig. 2: Block Diagram of Wireless Sensor Network using
Xbee & Java.

~ RouterXbee -

Establish connection
with remote device

Configure remote
device for dat

Get APl frames from
the rer ice

Digital Signal
Processing

v

Statistical Analysis

Data Visualization &
Logging

Fig. 3: Flowchart for the Java Program
IV. SOFTWARE COMPONENTS

A. Java SDK

The Java Software Development Kit, or the JAVA SDK
8.2, is a set of tools developed and released for Java
programmers and
developers by Oracle.
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It consists of a number of resources and programming
tools to allow for development of Java applications. It
also includes the Java Virtual Machine (JVM) and the
Java Run-Time Environment (JRE).

B. Eclipse|IDE

Eclipse is an Integrated Development Environment
(IDE) used for programming Java. Software version
4.6.2 (Neon 2) has been used to program the application.

C. XbeeJavalibrary

It is a Java API that is used to create Xbee projects
developed in Java. It supportsfor multiple X bee modules
and protocols, supports for Android OS, Easy workflow.
It has further following features:

> Ability to configure local and remote Xbee
modules of the network.

> Discovery feature finds remote nodes on the
same network as the local module.

> Ability to transmit and receive data from any
Xbee module on the network.

D. XCTU

XCTU isamulti-platform tool developed by Digi that
allows the user to configure and interact with Xbee
radios through an easy-to-use GUI (Graphical User
Interface).

V. HARDWARE COMPONENTS

A. Xbee S2B Module

Xbee radios are compact, cost-effective and telemetry
modules. They can be connected to deploy wireless
sensor networksin different topologies. They provide a
reliable datalink between remote radios. The Xbee S2B
operates within the ISM 2.4 GHz radio band.

B. Xbee USB Explorer

The Xbee USB Explorer is a USB-Serid hardware
peripheral that allowsthe user to connect the Xbee radios
to PCs through a USB-COM port. It is a USB-Serid
convertor, with a hard reset button and a voltage
regulator. It acts as a break out board to make it easier to
interface with the digital and analog input/output pins on
the Xbee radios.

C. LM 35 Temperature Sensor

LM35 is a Precision Centigrade Temperature sensor. Its
output (Voltage) varies linearly with temperature (In
Centigrade). LM 35 has its temperature range as -55°C to
+150°C. Variation of input voltage can be between -0.2V
to +35V and variation of output voltage can be between
-1V to 6V. Current islimited to 10 mA in the output side.

V1. DIGITAL SIGNAL PROCESSING
IMPLEMENTED USING JAVA

The need for Digital Signal Processing wireless sensor
networks has already been discussed.
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The output from sensors can contain noise. The noise often
resultsin errors. Through the use of digital signal processing,
we can remove the noise to obtain an accurate output.
The reasons for noise in the sensor output may include:

e RFinterference

e LM35 hasan accuracy of +/- 2 degrees
e Noise originating in the power source
e Random errors

LM 35 Voltage Reading UNFILTERED

age (v

Fig. 4: LM 35 Voltage Reading UNFILTERED

the graph shown in figure 4, the noise in the raw sensor datais
quite evident. Kalman filter has been used to perform digital
filtering of the raw sensor data in real time. The reasons for
selecting the Kalman filter are as follows:
o [tisapracticaly provenfilter, withwide spread usein
RADARSs, robot localization and space applications.
e |t is convenient for use in rea time filtering /
estimating applications.
e [tiseasy toimplement.

The Kalman filter can be called an estimator. It is arecursive
filter that allows for real time data processing. The Kaman
filter can only be used to remove linear noise. As the current
system can be considered a linear system, the Kalman filter
can be used.
Noise which is non-linear cannot be removed using the
Kaman filter and such scenarioswarrant the use of non-linear
estimator algorithms.
The Kaman process consists of the following steps. It states
that for each time step, (t), it will

e Predict the next state.

o Predict the covariance of the next state.

e Calculate the Kalman Gain.

o Update the current state estimate.

o Update the current covariance estimation.

The following are the system state assumptions:

o The state vector in our case is the data captured from
the wireless sensor network.

o Itisassumed that the data does not vary quickly with
time.

e Thereisno input control in the system.

e Theonly observable output of the system is the output
of the sensor.
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e Process and Observation noise covariance are
calculated. The process covariance is assumed to be
very low while the observation noise variance is
calculated.

The graph of figure 5 showsthe output filtered by the Kalman
filter in real time. It can be easily seen that the noise has been
greatly reduced in the output.

LM 35 Temperature Reading FILTERED

Time (Seconds)

Fig. 5: LM 35 Temperature Reading FILTERED

In existing example, a simple LM-35 thermistor is connected
to a single remote node. In other wireless sensor networks,
having multiple nodes and multiple sensors, including a mix
of digital and analog sensors having different sampling rate,
digital signal processing agorithms and filters can play a
crucia role in reducing system noise and digital signal
conditioning. The two graphs shown in figures 6 and 7 are
time/ temperature plots of the data received from the wireless
sensor network. The graph of figure 7 shows the data set of
around 2,500 samples. The Kalman filter is able to remove a
large part of the noise from the received signal.

LM 35 Voltage Reading UNFILTERED

o

l—" - )
Fig. 6: LM 35 Voltage Reading UNFILTERED

LM 35 Temperature Reading FILTERED

Time (Seconds)

o]
Fig. 7: LM 35 Temperature Reading FILTERED
VIl. STATISTICAL ANALYSISUSING JAVA

The Javaprogramis able to perform statistical analysis on the
received data in real-time. Some of the functions are
described below:
A. Number of Samples
Thisisthe total number of samplesin the data set.
B. Minima
Minima is the value with the smallest value in the
data set.
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C. Maxima
Maxima s the value with the highest valuein the
data set.

D. Mean

Mean isthe average of all the samplesin the data set.
Mathematically, it is defined as:

Sample mean:
L

T = l I;.
n
i=1
X (bar) isthe mean, nisthe number of samplesand x;
isthei™ sample.
E. Mean deviation
Mean deviation is the difference between the
current sample and the mean of the data set.
F. Median
Median isthe middle value of an ordered data set. In
case the total number of samplesisodd, the middle
valueis called the median. If the total number of
samplesis even, then the average of the middle two
valuesis considered the median.
G. Standard Deviation

Standard deviation of a sampleisthe measure of the
amount of variability. It can be called the average
distance from the mean. Mathematically, it isthe
square root of the variance.

1 X

T = \FZ[T, —E}E.

Variance

Variance is a measure of variability of the sample.
Mathematically, variance is the average of
the squared differences from the Mean.

Sample variance:

2_ 1 n . _‘2_ 1 " ) _‘2
‘°I_?171Z(“"‘_1} —nl(z.‘]",—n.l).
i=1

i=1

4,| XBee Java Wireless Temperature Sensing GUL o B %

IReadings - el Input Voltage (unfiitered): 0.0

Temperature (fitered): 0.0

Number of samples : 0.0

Minimna : 0.0

Maxima : 0.0

Mean : 0.0

Mean deviation : 0.0

Median : 0.0

Standard Deviation : 0.0

2187

5 Variance : 0.0

Fig. 8: Sample GUI
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XII. RESULT

Following are the results of this paper:

A. Implementing Digital Signal Processing and Digital
Filtersin Java
Through this paper, it has been demonstrated that how digital
signal processing algorithms and filters can be implemented
in wireless sensor networks using Java. The GUI consists of
two graphs as shown in figure 9, comprising of raw unfiltered
data and data filtered using DSP filters. In this case, Kalman
filter has been used. The graphs are updated every second.

]
LM 35 Voltage Reading UNFILTERED

WS

Voltage (Volts)

LM 35 Temperature Reading FILTERED

Temperature (°C)

Fig. 9: Graph GUI

B. Performing Real Time Statistical Analysis

The program is able to use the filtered data and perform a
number of statistical operations in real time. The mean,
median, mean deviation, minima, maxima, variance, standard
deviation and the number of samples in the data set are
calculated. This data gives us an insight about the type of data
being generated by the wireless sensor network. The GUI
shows the complete data set as shown in figure 10, along with
the time at which the sample was registered by the Java
program.

[ aee Wi
[04/11/2017 09:59:55 :: 26.400702715000485 °C m InputVoltage (unfiltered) :  0.2653832842748654
10411112017 09:59:56 26 499702715000485 °C

[04/11/2017 10:00:00 = 26.499702715000485 °C
[04/11/2017 10:00:01 - 26.499702715000485 °C
[04/11/2017 10:00:02 : 26.499702715000485 °C
1041112017 10:00:04 - 26.499702715000485 °C
[04/11/2017 10:00:05 - 26.499702715000485 °C
[04/11/2017 10:00:06 - 26.499702715000485 °C
[04/11/2017 10:00:07 :: 26.499702715000485 °C
[04/11/2017 10:00:11 - 26.499702715000485 °G
[04/11/2017 10:00:12 - 26.499702715000485 °C
104/11/2017 10:00:13 = 26.499702715000485 °C
[04/11/2017 10:00:14 :: 26.499702715000485 °C
[04/11/2017 10:00:16 - 26.499702715000485 °C
[04/11/2017 10:00:17 - 26.499702715000485 °C
[04/11/2017 10:00:18 : 26.409702715000485 °C
[04/11/2017 10:00:20 :: 26.499702715000485 °C
104/11/2017 10:00:21 = 26.5997015931703 °C
104/11/2017 10:00:22 = 26.5097015931703 °C Mean
[04/11/2017 10:00:23 : 26.5097015031703 °C
104/11/2017 10:00:27 = 26.5997015931703 °C
[04/11/2017 10:00:28 = 26.5997015931703 °C
104/11/2017 10:00:20 = 26.5097015931703 °C
104/11/2017 10:00:33 = 26.5097015031703 °C
104/11/2017 10:00:34 = 26.5997015931703 °C
104/11/2017 10:00:35 = 26.5997015931703 °C
104/11/2017 10:00:36 - 26.5097015031703 °C
[04/11/2017 10:00:38 :: 26.5997015931703 °C
[04/11/2017 10:00:39 = 26.5997015931703 °C
[04/11/2017 10:00:40 = 26.5997015931703 °C
104/11/2017 10:00:41 = 26.5097015031703 °C
[04/11/2017 10:00:43 :: 26.499702715000485 °C
[04/11/2017 10:00:44 = 26.5997015931703 °C

Iuam/zm?m 00:45 - 26.499702715000485 °C

26.5997015931703

Temperature (filtered)

Number of samples 2567.0

Minimna:

25.999708324151417

Maxima 26.5997015931703

26.338933190183166

Mean deviation :

-0.2607684020870221

Median :

26.200704958660858

Standard Deviation : 0.1474364220486982

Variance : 0.02173749854652186

Cl|

Fig. 10: Statistical Analysis GUI

C. Logging of Wireless Sensor data and results of
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Statistical Analysisin Real Time
Using Java program it is possible to log the data from the
wireless sensor network to the hard disk in the form of 2 .txt
files. One file contains the filtered sensor data received from
the wirel ess sensor network as shownin figure 11. The second
xt file contains the output of the statistical data in CSV
format as shown in figure 12.

L0 35 Tarmy L | (5 ||

R

Help
04/11/2017 10:02:33 ::
04/11/2017 10:02:34 ::
04/11/2017 10:02:35 ::
04/11/2017 10:02:38 ::
04/11/2017 10:02:40 ::
04/11/2017 10:02:41
04/11/2017 10:02:44 ::
04/11/2017 10:02:45 ::
04/11/2017 10:02:47 ::

26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C

04/11/2017 10:02:48 ::
04/11/2017 10:02:49 ::
04/11/2017 10:02:50 ::
04/11/2017 10:02:52 ::

26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C

04/11/2017 10:02:53 ::
04/11/2017 10:02:54 ::
04/11/2017 10:02:55 ::
04/11/2017 10:02:57 ::

26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C
26.499702715000485 °C

04/11/2017 10:03:00 ::
04/11/2017 10:03:01
04/11/2017 10:03:03 ::
04/11/2017 10:03:04 ::
04/11/2017 10:03:05 ::
04/11/2017 10:03:06 ::
04/11/2017 10:03:08 ::
04/11/2017 10:03:09 ::
04/11/2017 10:03:10 ::
04/11/2017 10:03:11 ::

26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C

26.499702715000485 °C

26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C
26.5997015931703 °C
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04/11/2017 10:03:13 11 26.499702715000485 °C
04/11/2017 10:03:14 1 26.499702715000485 °C

Fig.11: Filtered Wireless Sensor Network Data

(==l EA Wi W B _ _ = _ I =

20200.2670940348377317,26.499702715000485.2021.0,25.999708324151417,26.499702715000485,26.288621461031210.2110812539691409,26.29¢ *
2021,0.2671047668958642,26.499702715000485,2022.0,25.999708324151417,26.499702715000485,26.288725853342765,0.21097686165758134 26.
2022,0.2748131644768559,26.499702715000485,2023.0,25.999708324151417,26.499702715000485,26.288830142448877,0.21087257255147307 26«
20230.26520988565412407,26.499702715000485,2024.0,25.999708324151417,26.499702715000485,26.288934328502506,0.2107683864978398 26.
2024)0.27358654292663237,26.499702715000485,2025.0,25.999708324151417,26.499702715000485,26.289038411656335,0.21066430334401431,26.
20250.27130916736691646,26.499702715000485,2026.0,25.999708324151417,26.499702715000485,26.289142392062725,0.21056032293762428,26.
2026)0.2708956513781531,26.499702715000485.2027.0,25.999708324151417,26.499702715000485,26.289246269873747-0.2104564451266029,26.2¢
2027,0.2676703965387005,26.499702715000485,2028.0,25.999708324151417,26.499702715000485,26.289350045241164.0.21035266975918177.26.¢
2028,0.27045682416899536,26.499702715000485,2029.0,25.999708324151417,26.499702715000485,26.289433718316455,0.21024899668389452,26.
20290.2680745249005735,26.399703836830675.2030.0,25.999708324151417,26.499702715000485,26.289508028719666,0.11019580811087337.26.
2030,0.2638856055906058,26.399703836830675,2031.0,25.999708324151417.26.499702715000485,26.289562285641434.0.11014155118910551,26.2
2031,0.26892869737581543,26.399703836830675,2032.0,25,.999708324151417,26.499702715000485.26.28961648916072-0.11008734766981831,26.2
2032,0.2658713215366263,26.399703836830675,2033.0,25.999708324151417.26.49970271500048526.289670639356327,.0.11003319747420903 262
2033,0.2690941283271992,26.399703836830675,2034.0,25.999708324151417,26.499702715000485,26.28972473630691,0.10997910052363125,.26.2¢
20340.27162419386281167,26.399703836830675,2035.0,25.999708324151417,26.499702715000485.26.28977876009095,0.109925056739591326.2¢
2035,0.26416253686327756,26.399703836830675,2036.0,25.999708324151417,26.499702715000485,26.289832770786795,0.10987106604374475,26.

Fig.12: Statistical Data (CSV Format)

IX. CONCLUSION

In this paper, following has been successfully demonstrated:
o Applying DSP agorithms in Wireless Sensor
Networks using Java
o Applying progranmable digital filters in Wireless
Sensor Networks
o Performing statistical analysisin real time
e Logging of received sensor data and the result of
statistical analysisin real time
The advantages of using digital signal processing and digital
filters make them the obvious choice over analog filters.
Digital filters do not require additional hardware. They are
easily customizable and programmable. This means no
additional capital investment is required to implement them.
Digital filters do not suffer from drift and changes in
performance dueto heating. Statistical analysis helps us better
understand the data being
received in the wireless sensor
network.
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Real-time data logging helps us save the data for future use
and research. Certain drawbacks do exist. Designing and
implementing DSP is a complicated process. DSP becomes
expensive when large bandwidth signals are involved. This
might be seen in large wireless sensor networks. Further,
additional hardware would be required when performing
DAC (Digital to Analog Conversion) in a wireless sensor
network. The same can be said for ADC (Analog to Digital
convertors).

X. FUTURE SCOPE

This paper was a proof of concept, to prove that DSP and
Digital filters could be implemented in Xbee Wireless Sensor
Networks using a program written in Java. Future work can
include implementation of more complicated digital filters.
The program is highly customizable and modular. It can be
easily modified for deployment in different workspaces and
environments. The statistical analysis is of great importance
to data miners and data visualization scientists. The Java
program can be easily customized to perform data
visualization in real-time.
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