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Abstract

Wireless Sensor Networks (WSNs) have the ability to monitor a specified
area with the help of various sensors employing Machine-to-Machine (M2M)
communication. These M2M networks have wide areas of applications which
include agriculture, structural health monitoring, security and surveillance
in buildings, and smart grid systems. The main purpose of having a large
number of sensors is to gather the data from one or more of these sensors and
to convey the data to a central repository for further processing or necessary
actions. In a sensor network, different transmissions take place between
multiple source-destination pairs. Each of the pair transmission is associated
with a certain schedule. Our focus in this thesis is basically to find the
multiple schedules that are being followed in a network. We first perform
our analysis on a single hop network, where multiple devices convey their
decisions to a far away destination using an orthogonal frequency division
multiplexing (OFDM) packet. Taking this work as a starting point, we model
a multi-hop linear striped-shaped network where each hop or a level contains
a single node and the distance between the nodes is kept constant. This
model provides the basis for detecting multiple schedules in a large scale

opportunistic large array (OLA) network with multiple nodes in a level. In
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iii
this work, an OFDM packet with orthogonal sub-carriers is considered, which
travels from the source to the destination. The cooperative devices present in
source-destination path poll their schedules in their respective sub-carriers.
All the successive transmissions in a linear network are modeled using an
irreducible discrete time Markov chain. Three different cases are discussed
for detecting a certain schedule. The probability transition matrix for the
Markov chain, based on different distributions of the received signal energy

is derived, whose left eigen vector gives the probability measure for detecting

the schedules.
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Chapter 1

Introduction

In the modern era of fifth generation (5G) networks, wireless ad hoc and
sensor networks have gained renewed interest in the context of Internet-
of-Things (IoT) networks [1-5]. These ad hoc networks generally involve
Machine-to-Machine (M2M) communication without the involvement of hu-
man beings and operate without any existing infrastructure and are de cen-
tralized [6-8]. Since, the devices used in these networks are low cost and
battery-limited, therefore, they cannot send messages to far off destinations;
an issue known as reach back problem in some applications [9]. The infor-
mation is usually broadcasted among the sensor nodes using some medium
access control (MAC) protocol, such as ad hoc on-demand distance vector
(AODV) protocol, which causes overhead, low throughput and high latency
in the network [10]. Furthermore, wireless networks are under the influence
of multi-path fading [11-13], which creates difficulty in reliable communica-
tion. Therefore, reliability in such networks is possible only when the nodes

work in a cooperative manner.
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Figure 1.1: The key technologies in 5G systems.

In a cooperative transmission (CT), the intermediate nodes present in
a source-destination path act as relays and help in forwarding the source
message towards the destination [14]. An immense improvement in the net-
work performance has been achieved through this physical layer technology
in many ways, such as, through improvement in bit error rates, reliable trans-
mission and outage probability. It also provides a significant gain in terms of
capacity and robustness [15], [16]. Such multi-hop CT networks have gained
a lot of importance in the areas of cellular networking, mobile computing,
and computer networking, etc.

At the physical layer, a very new and optimistic technique of CT is Op-
portunistic Large Array (OLA), where the source message travels from one
layer of radio nodes to another layer [17]. By using OLA, the complexity

of the system increases as the avalenche of the incoming signals produces a
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stronger signal at the destination but at the same time, the system vulnera-
bility becomes much lower. OLA can easily be implemented on any network
or system and a huge amount of work has been done in the past few years

on OLA networks by considering different network topologies [18-20].

1.1 Cooperative Transmissions in OLA Net-
works

Cooperative transmissions in the large scale OLA networks can be achieved

by the following three basic protocols.

1.1.1 Basic OLA

In a basic OLA protocol [21], the source node broadcasts the signal in the
network. The devices that decode the source signal become part of first
OLA. The devices of the first OLA retransmit the source signal at the same
time without coordinating with each other. The radio devices that decode
the signal sent by the nodes of first OLA declare themselves as the members
of the second OLA. This procedure continues until the message receives at
the destination, where different combining techniques in order to achieve
diversity, such as maximum combining ratio (MRC), equal gain combining
ratio (ERC), etc., can be applied to get spatial diversity. Because of this
diversity gain at the destination, the message signal can reach far distances

without draining the entire source power.
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1.1.2 OLAPRISE

OLA with Primary Route Setup (OLAPRISE) uses conventional non-cooperative
transmission, i.e., single input single output (SISO) transmission for the new
path setup/discovery, but for transmitting the source data, it performs OLA
transmissions [22]. The cooperative transmission of OLA can be achieved by
using one hop neighbors of the devices involved in primary SISO path setup.
The setup of this new path can be achieved in a similar fashion to ad hoc
on demand distance vector (AODV) routing scheme, which includes route
request (downlink) and route reply (uplink), followed by data transmissions

and acknowledgements.

1.1.3 OLAROAD

OLA Routing On-demand (OLAROAD) achieves cooperative transmissions
using a three step mechanism [23]. In the first step, it broadcasts the route
request towards the destination. This broadcast is similar to the basic OLA.
The destination when receives the route request (RREQ), unicast the route
reply (RREP) message in the backward direction towards the source. The
intermediate nodes that receive and decode the RREP, take part in data

transmissions from the source to the destination in the third step.

Although OLAROAD gives slightly better performance in terms of la-
tency and throughput, the efficiency of OLAPRISE is found to be better
than OLAROAD in the context of low devices involved in OLAPRISE, thus

resulting in more energy optimized routes, especially in a situation when a
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lot of devices are present in the network. This makes OLAPRISE a desirable

form of strip-shaped networks with cooperative transmission.

1.2 Need for Duty Cycling in OLA Networks

In a sensor network, multiple source-destination pairs can exist. A problem
may arise when all the pairs want to communicate with each other at the
same time. It may happen that the intermediate nodes that contribute in
one source-destination path also contribute in another path. Therefore, for
all the paths to work properly, each path must have a unique schedule, and
all the transmissions take place according to the schedules assigned. These
schedules must be time multiplexed in such a way that when one path is

transmitting, the other paths go in a silent mode.

1.3 Introducing Additional Stages in OLAPRISE

In order to perform duty cycling in large scale multi-hop OLA networks, we
introduce two new stages in the primary OLAPRISE protocol in order to
ensure interference free transmissions in the network. The details of each

stage is discussed below.

1.3.1 Polling Query

In the primary OLAPRISE, an additional stage in the route setup can be
introduced to accommodate a polling task for determining the schedules of

the radio nodes across the network. This stage involves the polling of all the
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radio nodes inside and around the strip-shaped route to determine whether
any of them is part of another stripped route or not.

The ideal time to do polling is when all the nodes that are part of the
strip network in OLAPRISE are awake. Therefore, the polling query should

be performed right after the Route Reply step of the route discovery process.

1.3.2 Schedule Assignment

The destination node when receives this query packet, detects the schedules
that are already occupied in the network. In reply to this polling query, the
destination node assigns a new schedule (that is not in use) to its correspond-
ing source by propagating a message in the backward direction towards the
source on the already established route. Through this message, the interme-

diate nodes also know their schedule for this new path.

1.4 Thesis Motivation

Our motivation in this thesis is basically to achieve interference free network,
therefore, the reason for finding the schedules flowing in a multi-hop OLA
network is to tell the newly established source-destination pair to avoid trans-
mitting in the pre-existing schedules. Whenever, a new source-destination
pair desires to communicate with each other, it first finds the schedules run-
ning in the network, and then starts its transmission in a new schedule which

any other path is not using.
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1.5 Thesis Contribution

This thesis presents the following main contributions:

e We study the problem of binary polling of sensors using a cooperative
approach where all sensors transmit their decision to the central base
station (BS) in one-shot, i.e., at the same time, using diversity channels

as in orthogonal frequency division multiple access (OFDMA).

e In the proposed approach, the statistics of the squared envelopes of the
received signals, in the line-of-sight as well as in the non line-of-sight
channels, are studied to perform hypothesis testing using the Neyman-

Pearson criteria.

e We also propose a physical layer approach for detecting the multiple

schedules flowing in a cooperative multi-hop linear network.

e For duty cycling and multiple flows scheduling in a dense M2M network,

we solve the problem by using irreducible Markov chain in discrete time.

1.6 Thesis Organization

The organization of the thesis is presented as follows. Chapter 2 highlights
the literature review of the important concepts proposed in this thesis for
providing a flow for the readers. In chapter 3, a well-known detection prob-
lem, known as binary integration problem, is investigated, where a set of
nodes transmit an event detection message to a destination using orthogo-

nal frequency division multiple access (OFDMA) scheme. This problem has
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been solved using the tools from detection theory such as Neyman Pear-
son Criterion and by studying the receiver operating characteristics (ROC).
Chapter 4 presents the problem of detecting multiple Schedules in a cooper-
ative multi-hop linear network using Markov chains. An OFDM packet with
orthogonal sub-carriers is considered here to record the information of multi-
ple flows present in the network. The problem is studied using three different
approaches in order to perform duty cycling. Chapter 5 discusses the results
found in chapter 3 and 4. Finally, chapter 6 presents the conclusions and

proposes the future work in this domain.



Chapter 2

Literature Review

Wireless and ad hoc sensor networks have gained popularity in the past
decade owing to a multitude of benefits they offer such as low cost, easy
deployment, and energy-efficient operations [24-28|. A basic purpose of de-
ploying a sensor network is to gather information from a specific environment
and to use this information to build a smart system. The basic idea behind
this information exchange is the use of cooperative communication in wireless
sensor networks. In literature different strategies for cooperative transmis-
sion have been proposed [29-33]

Cooperative communication is a physical layer approach that provides
cooperative gains to the destination with an advantage of signal-to-noise
(SNR) ratio of 10 to 20 dB [34-36]. Due to these advantages, the system
reliability increases with an extra amount of decrease in transmit powers of
the source node as compared to the single node scenario.

In [37], the one dimensional network is considered with two different types

of node deployments. For the first case, the nodes are placed equidistant from
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each other while in the second case, the nodes are co-located with each other.
The analytical model here shows the better performance for the co-located
scenario. The authors in [38] have studied a strip-shaped linear network with
the help of quasi-stationary Markov chain. In [39], the work done in [38] is
extended and the effect of composite shadowing has been introduced in the
system model.

A two-dimensional (2D) network is considered in [40], in which the au-
thors have extended the work done in [39] and placed two nodes in a single
level. The probability of the message to reach the maximum hop distance
is determined for the different values of signal-to-noise (SNR) ratio. In [41],
a network with random node deployment i.e., the nodes in this network are
placed randomly using a Bernoulli distribution, is considered. The network
coverage is analyzed by considering a discrete time Markov chain model,
with Rayleigh faded channel. The results are compared with a regular node
deployment scenario.

In [42], a cooperative multi-hop strip network is studied by considering
a fixed boundary between the nodes level. The nodes in each level are as-
sumed constant but the placement of each node is randomized. The coverage
probability is determined at the destination node by considering the Weibull
distribution for the distance. The authors in [43] have evaluated the tim-
ing synchronization errors by considering a multiple input multiple output
(MIMO) system, where cooperation among the nodes is employed by imple-
menting decode and forward (DF) protocol.

A linear strip-shaped network is considered in [44], where the nodes de-

ployment is considered with the help of a Poisson point process (PPP). The



CHAPTER 2. LITERATURE REVIEW 11

probability distribution function (pdf) of the received energy at a particular
node is derived, which helps in finding the outage of the nodes transmissions.
The network performance in the context of success probability of one hop is
investigated in the presence of Rayleigh fading channels.

In [45], a two dimensional (2D) network is studied in order to investigate
the intra-flow interference which happens due to the movement of multiple
packets in the network. The system model is studied using discrete time
Markov chain and the results are derived considering various network pa-
rameters. However, the results reveal that the intra-flow interference greatly
depends on the SNR. Therefore, the network performance can be optimized
by using the higher values of SNR and with improved array gain.

In [46], the authors have considered the two 2D networks such that the
information sent by the each source node is totally independent to each other.
The destination in this case is a single node located at a very far distance.
The concept of network coding is implemented here for merging the two
sources information into one. This information then travels with the help of
cooperative communication to a far away destination. The model is studied
using a quasi-stationary Markov chain in the NLOS channel. The network
performance is analyzed by using a state distribution at each node in terms
of outage probability for varying values of SNR.

In sensor networks, energy conservation is the key parameter for increas-
ing the network lifetime. The best way to conserve energy is to introduce
duty cycle MAC protocols in the network. These protocols conserve energy
by controlling the nodes to go on ON and OFF states. The nodes go active

when they have data to send or receive. Otherwise, they are in sleep mode.
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In literature, many asynchronous and synchronous duty cycle protocols are
presented [47-51] in order to ensure energy conservation and to increase the
health of a network. The main disadvantage in using these protocols is the
packet delay as they require many cycles to reach the destination. [52-56]
propose a promising MAC protocol called sensor MAC (S-MAC). S-MAC
helps in avoiding collisions and conserving energy in the network, but the
main objective of this protocol is to conserve energy in the network. This
protocol helps to reduce energy consumption by controlling the sensor nodes
to avoid listening in the idle state, i.e., during the idle time , the node goes
in the sleep mode.

The conventional binary polling strategy is to communicate all sensor
decisions, one at a time, to the collector or BS, which indicates a detection
if at least M out of N sensors have detected the event. For instance, [57]
and [58] deal with the variation of this problem in distributed detection
scenarios but no channel-based solutions have been studied in these papers.
The threshold for detecting an event is found optimally by considering both
the individual binary sensors as well as the receiver, however, ignoring the
channel conditions. Similarly, in [59] and [60], a slight variation is performed
in the binary integration problem to achieve time and energy efficiency. In
[59], sensors are ranked according to their detecting values depending on the
local thresholds for the individual sensors and a subset of sensors are allowed
to transmit to the collector. In [60], only the sensor that has the highest
detection value transmits its decision to the receiver.

The previous works in the literature do not consider the wireless medium

between the sensor nodes and the BS and/or they pay a price in terms of
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energy and delay by requiring medium access control (MAC) layer strategies
that include channel sensing, listening, and duty cycling of transmissions [61]-
[62]. Similar works can be found in [63]- [64], however, the authors either
revert to MAC layers, or they don’t exploit the feature of diversity in wireless
systems.

The authors in [65,66] have presented the method for the detecting dif-
ferent types of informations flowing in the network by using timing anal-
ysis, which is quite cumbersome and the purpose of their study is mostly
to detect the involvement of intruder with in a system. Moreover, in [67],
a channel aware scheduling in the orthogonal frequency division multiplex-
ing (OFDMA) mobile systems is performed to design an intelligent medium

access control (MAC) in the downlink channel.



Chapter 3

One Shot Polling of Wireless

Sensors

This chapter considers the polling of a sensor network using a binary inte-
gration scheme. Binary integration is the combination of binary decisions
from multiple sensors into a single decision at the base station. The pro-
posed approach accomplishes binary integration in the physical layer in just
two packet intervals regardless of the number of sensors, as long as the sen-
sors are within the decoding range of the collector. We assume independent
Rayleigh or Ricean links from the sensor devices to the collector. In the
proposed method, the devices simultaneously transmit their signals in each
channel of a set of orthogonal channels to create diversity. The statistics
of the squared envelopes of the received signals, in both LOS and NLOS
channels, are used to perform hypothesis testing using the Neyman-Pearson
criteria. It has been shown through the receiver operating characteristic

(ROC) curves that the detection probability strongly relies on the number

14
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(a) (b)

Figure 3.1: (a) An airborne collector receiving the information from the
sensors on ground (b). BS receiving the information from a co-located cluster
of sensors

of diversity channels available for transmission.

3.1 System Model

The system model is presented here for binary polling where we assume N
sensors report their decisions on whether an event happened. We assume
the sensors are deployed in an area as shown in Fig 3.1. In Fig 3.1(a), an
airborne collector receives the information from the sensors on the ground.
Similarly, in Fig 3.1(b), the BS receives the information of a co-located cluster
of sensors on the ground. In the BS scenario, the channel model consists of
either the NLOS or LOS propagation medium. The number of sensors that
decide in the favor of the occurrence of event is S; and the number of sensors
that decide that an event has not occurred is Ss.

Under the proposed polling scheme, we assume our polling packet to be
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consistent with an OFDM symbol that contains K orthogonal sub-carriers.
A sensor that has detected an event transmits in each of the K; orthogonal
channels that compose the detection band, D, whereas a sensor that has
not detected the event transmits in each of a separate set of K5 orthogonal
channels that compose the non-detection band, N, such that K; + Ky = K.
The sensors’ transmissions can be scheduled based on a trigger packet sent
by the collector or BS [68] or scheduled for simultaneous transmission, if the
network is synchronous. Let |Ry|? be the squared envelope of the received

signal in orthogonal channel k, expressed as
|Ri|* = |Gr + Wi, (3.1)

where (G is the sum of the complex gains of the sensors’ signals in the
k" channel and W, is the noise term for channel k. The elements of W
are independent and identically distributed (i.i.d) complex Gaussian random
variables (RVs) with zero mean and variance o2. Let |Rp|? be the squared
envelopes sum of the K receiver branches in the detection band, and simi-
larly |Ryp|? be the sum of the squared envelopes of the Ky branches in the

non-detection band, expressed as

[Rp[> =) |R* and [Rypl* =) |Ril*. (3.2)

keD keND

After receiving the signals from the sensors, the collector makes a detection
decision by comparing a threshold with the ratio of the likelihoods of |Rp]|?

and |Ryp|?. We denote the probability of detection as Pp and the probability
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of false alarm as Pr4.

3.2 Statistics of the Received Signals

This section derives the statistics of the received message signals for both

LOS and NLOS channels as given below.

3.2.1 Non Line-Of-Sight (NLOS) Channel

In the NLOS case, when S; sensors are transmitting in each sub-carrier,
the Gy in (3.1) is considered as a zero mean complex Gaussian RV, imply-
ing its squared envelope, |Gy|?, is given as exponential with mean 7Sy, i.e.,
G ~ CN(0,7S1), |Gi|? ~ exp(7S)), where v denotes the signal power of

|* becomes an ex-

each sensor. Similarly from (3.1), the squared envelope | Ry
ponential RV, i.e., | Ri|? ~ exp(7S] + 02), thereby implying a signal-to-noise
ratio (SNR) of vS; /02 for the kth channel. From (3.2), the squared envelopes
|Rp|? and |Ryp|* are, therefore, gamma distributed each having shape pa-
rameters K; and K, with scale parameters o7 = vS; + 02 and 05 = vSy +02,
respectively.

We assume that Gy, and G; for j # k, are i.i.d. The supposition is justified
if the K; sub-carriers have a minimum separation of at least the coherence
bandwidth or, in a flat fading channel, if each sensor puts a random phase ro-

tation on each of the sub-carriers it excites and there are a sufficient number

of excited sub-carriers to assume a central limit theorem approximation.
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3.2.2 Line-Of-Sight (LOS) Channel

In the LOS case, we assume that all the S; signals in one sub-carrier are
i.i.d complex Gaussian with the same non zero mean. Note that the i.i.d
assumption is justified if the excited sub-carriers are separated by at least
the coherence bandwidth and if each sensor adjusts its carrier phase to ensure
the phase of the LOS component at the receiver is the same for all sensors.
Hence, GG}, becomes a complex Gaussian RV, i.e.,

Gr ~ CN(uSi,vS1), where p denotes the mean of a signal per sensor. It
follows that |G| is a Ricean RV with « factor, k = Sju*/y. Since Wy
~ CN(0,02), the |Ri|> becomes a non-central Chi-squared RV, with the

following parameters,
=251y —3A% + A+ 202 + SP? - @, (3.3)

and

1
B=3A%-Sy—A—o0o>— gsf,ﬂ + @, (3.4)

where A = 1(S1y + 02), A = 1 (3572 +Sw+cri)2 and & = =Stut +
3S3u*A. It can be shown that the mean and the variance of this non-central
Chi-squared RV can be given as o+  and 2(«+203), respectively. The mean
can be represented in a simplified form as %Sf,lf + 517+ 02. From (3.2), the
squared envelopes |Rp|? and | Ryp|* are each sums of non-central Chi-squared
random variables. It is well known that non-central Chi-squared distribution
involves a non-linear Bessel function. Therefore, the distribution of the sum

of non-central Chi-squared RVs becomes prohibitive analytically [69]. In the
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sequel, we approximate this sum distribution to a gamma distribution using
the method of moments approach and also verify the approximation using

Kolmogorov-Smirnov (K-S) test [70].

Lemma 1: Let U = X + Xo + ... + X, be the sum of n i.i.d non-
central Chi-squared RVs where each RV X;, Vi € {1,2,...,n} has identical

parameters o and [, then U can be approximated by a gamma RV with shape

and scale parameter 6 = 2(3—126), with distribution,

n(a+p)?
2(a+203)

parameter \ =

uA_lemp(_T“)

Pr(\) (3:5)

fu(u) =

Proof: The mean and variance of the sum of i.i.d. non-central Chi-
squared RVs can easily be found as n(a+ ) and 2n(a+205), respectively [71].
For the moment matching approach, we equate two moments of both the

distributions as

E[[Ri’) = na + §) = \ = E[U], (3.6)
Var[|Rp!] = 2n(a + 28) = \* = Var[U]. (3.7)

Solving the above equations provide us the shape parameter A\ and scale

parameter 6 for RV U as

_ n(a+B)?

2(a+28) a+ 3 (38)

The second step involves performing the K-S test for the goodness of fit of
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the distributions. The K-S test can be used to compare the sample dis-
tribution with some reference distribution [72]. The test is performed by
taking the samples ({1, (o, -..... (q) from both the distributions and the max-
imum distance between the cumulative distribution function (CDF) F(()
of reference distribution and empirical distribution function Fy(¢) of sample
distribution is found using these samples. The test is performed by making
two hypotheses: Ho (null hypothesis) and H; (reject hypothesis). The null
hypothesis says that the samples of both the distributions are from the same
distribution, i.e.,

Ho: Fy = Fy, (3.9)

whereas the hypothesis H; rejects the null hypothesis. The maximum differ-

ence between the CDF's is given as
Dy = max|F1(G;) — Fo(G)]. (3.10)

The K-S test also depends on the significance level, €, of the test, which is
defined as the probability of rejecting H, given that the two distributions are
the same, i.e.,

e =P(D; > c|Hy), (3.11)

where ¢ defines the critical value and it depends on number of samples (2 as
well as €. The null hypothesis is accepted only if D f<c

The K-S tests performed for different number of samples, 2, and for sums of
100 and 1000 non-central Chi-squared RVs with ¢ = 0.05, S; = 100, v = 2,

=4 and o2 = 1 are given in Table 3.1. The values of ¢ can be found from
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Table 3.1: K-S test for CDF approximations.

No: of Samples (€2) || Value of ¢ | D, n =100 | Dy, n = 1000
3000 0.024 0.0146 0.0218
4000 0.021 0.0180 0.0103
5000 0.019 0.0172 0.0083
6000 0.017 0.0111 0.0104

the table given in [72]. The findings in Table 3.1 show that the value of D;
is always less than the value of ¢, which implies that the sum of non-central
Chi-squared RVs can be well approximated as a gamma RV.

Hence the distributions of |Rp|* and |Ryp|? are approximated as gamma dis-

Ki(ei+Bi)? and 0; = 2(ai+265)

tribution, with shape and scale parameters \; = (it 25 Py

for i = {1, 2}, respectively.

3.3 Neyman-Pearson Detection Tests

This section performs the NP tests for both LOS as well as NLOS channels

as given below.

3.3.1 NP Test for the NLOS Channel

For detection, the Neyman-Pearson method is employed, which states that

the alternative hypothesis is decided if
LRV (3.12)

In (3.12), H, is the null hypothesis and H; is the alternative hypothesis and

7 is the threshold. From the previous section, p(x; Ho) ~ Gamma(Ky,o3)
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and p(z; H1) ~ Gamma(Ky,0%). Hence, (3.12) can be written as

zK1-1 exp(;%”)
o1

o IT(Ky)

pK2-1 exp(%)
%2

o3 2T (K2)

> T.

Further simplification provides

¥~ exp (;—S”) o3 (Ky)

> T.
w21 exp (;—gf) o210 (K
2

Solving and rearranging (3.14), we get

(Ky — Ks)ln(z) + (U% - ;’§>x > In(7) + Kiln(o?)

0103

+ InT(K}) — Ksln(o3) — InT(Ky).

General Case

Solving for z, we get the general solution as

AW (BeAC>

>
. B

= tl,

where W(.) is Lambert-W function, A = (K; — K3), B = (012;02

2
) and

22

(3.13)

(3.14)

(3.15)

(3.16)

C = In(1) + Kyln(o}) + Inl'(K,) — Ksln(o2) — In['(K5). The above equation

is true only for 0% > o2,
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Case 1la

In (3.15), when K, = K>, (3.19) simplifies to

In(1) + Kin(c}) — Kin(o3)

2_ 2
012_22
0103

x> =ty (3.17)

Case 1b

Similarly in (3.15), when 07 = 02, we will have a different solution for z as

exp <ln(7') - (K;(:_K;()jn(a%) + w) _ L. (3.18)

where ¢ = InI'(K;) — InI'(K5). The probability of false alarm Pg4 and the

probability of detection Pp for each case can now be determined as

pFA:/ p(a: Ho)de, i € {1,2,3) (3.19)
t;

and

pD:/ pla:Ha)de i€ {1,2,3) . (3.20)
t

i

3.3.2 NP Test for the LOS Channel

In the LOS case, the distributions of |Rp|* and |Ryp|* are approximated
as gamma distributions; therefore, the Neyman-Pearson test is conducted in
the same manner as in the NLOS case and follows the same steps as done in
(3.12) to (3.15), where we can replace the o} and o3 with A\; and Ay and and

K and K, with 6; and 6, respectively.



Chapter 4

Polling of Sensors in a

Multi-hop M2M Network

The work done in the previous chapter 3, is extended here to a multi-hop
scenario in which a linear strip-shaped network is considered. The schedules
present in the network are determined using an OFDM packet transmission
from source node to the far away destination using three different techniques.
The analytical results are derived by modeling the sensors transmission with

a discrete time Markov chain.

4.1 System Description

Consider a large-scale M2M network, where multiple source-destination pairs
exist and multi-hop routes have been formed between each source-destination
pair. The nodes in each route are arranged in a line forming a one-dimensional

linear network as shown in Fig. 4.1. This implies that for each route, a sin-

24
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gle node is present in each hop, constituting a SISO multi-hop scenario. We
now assume that a new pair of source-destination appears in the network, as
shown in Fig. 4.1 in the horizontal route, which happens to cross one or more
already established paths. For instance, in Fig. 4.1, the new route crosses
two established routes represented by two vertical paths. The destination
node is located m hops away from the source node as shown in Fig. 4.1.
We assume that in this new source-destination path, a node is present after
every n; hops that is already part of an existing route, and hence follows a
certain schedule s € S from the set S = {1,2,..., S}, where S defines the
total number of schedules present in the network at one time.

Recall that our objective in this thesis is to assign an orthogonal schedule
to this new route so that the nodes sleep and wake in such a manner that
there is no interference on them. For the example given in Fig. 4.1, the new
route should follow any schedule other than {1, 2} because they are currently
in use. The source in this case initiates a polling query, which travels all
the way to the new destination. The purpose of this polling query is to
get the information of all schedules that the nodes of this route follow. The
intermediate nodes, present in this new path, when receive this polling query,
insert the information of the schedules that they follow. The destination
node when receives this query packet, detects the schedules that are already
occupied in the network. In reply to this polling query, the destination node
assigns a new schedule (that is not in use) to its corresponding source by
propagating a message in the backward direction towards the source on the
already established route. Through this message, the intermediate nodes also

know their schedule for this new path.
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Figure 4.1: The system model showing a new source-destination route cross-
ing two already existing routes.

For the detection of existing schedules at the new destination node, we
consider our source packet to be consistent with an OFDM symbol. The
total number of orthogonal sub-carriers in an OFDM packet are KS, where
K € Z", i.e., a positive integer. These sub-carriers are divided into S bands
in such a way that for every schedule 7, there is a band B;. Each band
contains K number of sub-carriers, which are used to report the information
of one particular schedule. For the example shown in Fig. 4.1, we suppose
that the total number of schedules present in the network are 4, i.e., S = 4.

The OFDM packet in this case contains 4 bands as shown in Fig. 4.2. Let
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the number of sub-carriers K, assigned to each band are 3. The overall
packet, therefore, consists of 12 sub-carriers. Here, the band B; is reserved
for schedule 1, B for schedule 2, and so on. The source initiates the polling
process by transmitting a binary phase shift keying (BPSK) symbol 0 in
all the bands, implying that the source is not part of any existing schedule.
When the first node receives this packet, it employs energy detection to detect
the presence/absence of symbols in each sub-carrier of the received OFDM
packet. If the symbols present in a band, representing a certain schedule,
are decoded correctly, then that schedule is detected successfully. Otherwise,
incorrect decoding of the symbols representing a certain schedule causes false
alarms in the network. Because of this false alarm, a schedule that is absent
in the network, appears to be detected. When a node that follows a schedule s
receives this OFDM packet, it performs energy detection in each sub-carrier
and inserts a BPSK symbol 1 in all the sub-carriers corresponding to the
B, band. On the other hand, in rest of the bands, the node propagates
the previous information obtained after performing energy detection. For
the case discussed in Fig. 4.1 and Fig. 4.2, when the node that follow
schedule 1 receives an OFDM packet, it inserts its schedule information by
transmitting BPSK symbol 1 in all the sub-carriers of B; band and in the
rest of the bands, the previous information propagates, as obtained through
energy detection. Similarly, when the node following schedule 2 receives this
packet, it transmits BPSK symbol 1 in all the sub-carriers of By band, and
propagates the previous information in rest of the bands. The destination
node when receives this packet, detects that the schedule 1 and 2 are already

occupied in the network. Hence, it assigns an orthogonal schedule such as
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Figure 4.2: The OFDM packet with 12 sub-carriers, i.e., S =4 and K = 3.

3 or 4 to the source node. If because of the false alarms, schedule 3 is also
detected at the destination, then the destination node asks the source node
to follow schedule 4.

Here we assume that the total power required for an OFDM packet trans-
mission is P. The transmit power per sub-carrier is then defined as P, i.e.,
P, = KL;S. Here we also assume that all the channels are Rayleigh fading.
The message travels all the way to the destination through multiple hops.

For a node in a level [, the signal received at any sub-carrier j of the OFDM

packet is given as

yj = \/ Pthjﬂij + n]’, (41)

where h; is the channel gain, which is a zero mean and unit variance complex
Gaussian RV, i.e., h; ~ CN(0,1) corresponding to Rayleigh fading, n; ~
CN (0, N) is the noise in jth sub-carrier with variance N and z; is the BPSK
symbol 0 or 1. The energy in a sub-carrier j is thus exponentially distributed,
ie., |y;|> ~ exp()), where A = P, + N, with the probability distribution

function (PDF) given as

fy12(y) = iewP(Ty)- (4.2)
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4.2 Modeling by Markov Chain

At any level [, since the total number of schedules present in a network are
S, so the total possible packet states are 2°. The OFDM packet received
by a radio node belongs to any of the possible states depending upon the

schedules detected. The packet states are defined as
Y(1) = [Xq(1), Xs(D), ..., Xs(1)], (4.3)

where X;(l) is the binary indicator random variable for ith schedule at level

[, given as

1 if 4th schedule is detected
Xi(l) = (4.4)

0 if ith schedule is not detected
The detection of each schedule, i.e., the value of X;(1) itself dependent on the
detection of the received signal energy in each of the K sub-carriers, assigned
to that schedule. We follow three different cases as described here to get the
value of X;(1).

4.2.1 Strict Approach

In this approach, a schedule s is detected only when the received signal energy
in each of the individual K sub-carriers of the B, band is greater than some
energy threshold 7. If the received energy in any of the K sub-carriers is less

than 7, then the schedule is assumed to be not detected. The probability of
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detection of one sub-carrier, j, is given as

P, =P{|y;|* > 7},Vj € {1,2,..,K}, K € B,. (4.5)

Thus, for the strict case, the probability of detection of one schedule, s, is

defined as
K
PO = [[P{lyl* >}, KeB., (4.6)
j=1
K
PO =1-[[P{lyl>>r}, Ke€B, (4.7)
7j=1

where P& and P§ denote the probability of successful detection and prob-

ability of outage, respectively, of the schedule s.

4.2.2 Lenient Approach

In this case, a schedule s is detected when the received signal energy in any

of the individual K sub-carriers of the B, band is greater than some energy

threshold 7. The schedule is not detected only in that case, when the received

signal energy in all of the K sub-carriers is less than 7. The probability of
(

successful detection, IP’SS), and probability of outage, IP’((,S), of the schedule s is

given as

P =1 — (H(l-@{@ﬂ?w})), K € B,, (4.8)

J=1

P

1T (1 — P{Jy;|* > T}>, K € B,. (4.9)

J=1
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4.2.3 Diversity Approach

In this scenario, a schedule s is detected when the combined received signal
energy of all the K sub-carriers of the B, band is greater than some energy
threshold 7. The probability of successful detection, IP’gs) and probability of

outage, PY) of the schedule s is given as

K
P = IP’{ >yl > T}, K € B,, (4.10)
j=1

J=1-P {f] >7’}, K € B,. (4.11)

J=1

From (4.3), we can see that the outcomes of Y(I) are S-bit binary words, each
constituting a state. These states in decimal form are written as {0, 1, ..., 2% —
1}. Let b; be the outcome of Y(I) at level [. For example, b; = 1010 in binary
indicates 10 in decimal, which implies that the node has detected schedules
1 and 3 in this case. Therefore, Y(I) can be modeled as a discrete time finite

state Markov Process with [P as a probability measure, given as

P{Y(l) = b|Y(l = 1) = by, .., Y(1) = b} =

P{Y(l) = b|Y(l — 1) = b_1. (4.12)

The packets can go from one transient state to any other transient state,
therefore all of the packet states make an irreducible state space as shown in
Fig. 4.3. The Markov chain is defined by a probability transition matrix P

of order (2% x 2%), which is defined on the corresponding states in Y. Each
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Figure 4.3: The state space representation of Y(I) for S = 4.

row of P, when summed, gives 1. From the study of Markov chains [73],
a distribution ® = (m;,i € {1,2,...,25}) is called v-invariant distribution
if 7 is the left eigenvector of the transition matrix P corresponding to the

eigenvalue v, i.e,

P = vum. (4.13)

The distribution 7 is a row vector of size (1 x 2%), with the entry m; corre-
sponding to the probability of occurrence of the state i. Our interest here is
to find the distribution 7 of the transient states at each hop. Considering

our system model, the distribution 7r at the nth hop can be determined as

a™ = 7O p0), (4.14)

where 7 is the initial distribution of the source packet. Since, the source
node does not follow any schedule, therefore, initially the source packet would
be in state 0. This is because the source forwards the OFDM packet with
all the sub-carriers filled with BPSK symbol 0. Considering the example dis-

cussed in Fig. 4.1 and Fig. 4.2, the state of the packet at the source node is
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given as Y(0) = [0000]. Hence, the initial distribution 7(?) in this case is a row
vector of size (1 x 16) whose first entry is 1 and all other entries are zero rep-
resented asw® =1 0 0 0 0 0 0 0 0 0 0 O 0O O O O] If
a node located at the nth hop follows a certain schedule s, then it enters
its schedule information, i.e., inserts BPSK symbol 1 in each of the K sub-
carriers of the B, band of the previously received OFDM packet. The distri-
bution 7™ then modifies to 7™ according to Algorithm 1. This distribution
#™ then becomes the initial distribution for finding 71, The distribution

at the (n + 1)th hop can then be determined as

at) — (P, (4.15)

Thus the packet travels all the way to the destination, which is m hops from
the source. We find the distribution (™ at the destination, which gives the
information about the occurrence of each schedule in the network.

The working of Algorithm 1 can be explained well by considering an
example. Let us assume that a node located at the nth hop follows schedule
2, i.e,. s = 2, and the total number of schedules present in the network are
S = 4. The distribution vector (™ obtained at the nth hop is shown at
the top in Fig. 4.4. The algorithm defines two sets A and B each of size
(1 x 2571). The value of § is to be calculated using the formula § = 2579
which in this case becomes 4. Depending on the value of §, the algorithm
picks first § (in this case 4) values from (™ vector and places them into set
A, and the next ¢ values in set B. This process continues until the sets A

and B are filled as shown in Fig. 4.4. These two sets A and B are added to
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Algorithm 1: Finding Initial Distribution

Input : 7™
Output: 7™
1 initialization: ¢ <+ 1, j« 1, a <+ 1, b+ 1;
2 S+ {1,2,...,5}, aset of all schedules;
3 s € S, s is the node schedule;
a O, zero vector of same size as S;
5 0 :=257% find value;
6 while i < 2° do
7 Ala:0+a—1]:=xM[i:54+i—1];
8 Bla:6+a—1]:=7™[f+i:25+1i—1];
9 1:= 20+ 1;
10 a:=90+a;
11 end
12 C=A+ B;
13 while j <2 ' do

1 | 702640 -1:=|0:j+5-1Clj:j+d5—1]|;

15 Jji=0+7;
16 b:= 20+ b;
17 end

make a third set C. A zero vector of the same order as C' is initialized. The
modified distribution vector 7™ is obtained by placing the first ¢ values from
the zero vector and the next § values from the set C into «™ vector. The
same repeats for the other values until the distribution vector completes.
The reason for using this Algorithm is due to the fact that when a node
receives an OFDM packet, it enters its schedule information in the packet.
Because of this, the previous information inside the packet changes, thus, the
initial distribution also changes. In order to model a Markov chain, the initial
distribution is to be determined at the node for finding the state distribution

at the next level.
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Input distribution vector
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Figure 4.4: The working of Algorithm 1 for S =4, s =2, and § = 4.

It must be noted, that if a node follows more than one schedule, i.e., s = 2
and 3. Then the modified distribution vector can be obtained by following
the Algorithm 1 twice. For the first time, we find #™ for s = 2, then for the
second time, find 7™ for s = 3 using the same #™ obtained in the previous
case (s = 2), as the input distribution in the Algorithm 1. This #™ serves

as the initial distribution for finding 7w("*" in this case.

4.3 Formulation of the Transition Probability

Matrix

The state transition matrix P is derived in this section for our system model.
The state distribution of a packet can easily be obtained by finding the left
eigenvector of the P matrix. Let we assume ¢ and j as a pair represent-
ing the states of a packet such that i,5 € {0,1,2,...,2% — 1}. These states
i and j in a S-bit binary word are written as i = ( f;ll, ...,5{i),ﬁoi)) and

j=( (szl, ey fj ), (()j ) ), respectively. Since, the probability of detection and
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the probability of outage of every schedule in an OFDM packet can be rep-
resented using the same mathematical expression, i.e., Pgl) = ]P>§2) = ., =
P = P, and P = p =, ., = Py = P,, so, the state transition matrix
P;; can be defined as

Pij = H(]P)O) : H(]Ps) ) (416)

z S—=z
where z = 5;01 (@i") & 5,(; )). From (4.5), the probability of detection of

one sub-carrier, 7, is defined as

Py = P{ly,l? > 7} = / ey, (4.17)

where 7 is the energy threshold. Simplifying the above equation gives

P, = exp<_77). (4.18)

The state transition matrix P;;, for all the three approaches, is found in the

R

following three cases.

4.3.1 Strict Approach

From (4.6), the probability of successfully detecting a schedule is given as

P, = (Py)X = exp(_TK ) (4.19)

where A = P, + N. The probability of outage in this case is found using (4.7)

as

P,=1—(P)X =1- ea:p(_;K). (4.20)
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The state transition matrix P;; from (4.16), is written as

oIl (eo(55)) T (- e(5)) - o

z

4.3.2 Lenient Approach

From (4.8), the probability of successfully detecting a schedule is given as

P,=1-(1-P)K=1— (1 - exp(_TT))K. (4.22)

The probability of outage using (4.9) is given as

P, = (1 - P,)X = (1 - e$p<_TT))K. (4.23)

From (4.16), the state transition matrix P;; is written as

D= (oon(3)) 1((-n(7))

4.3.3 Diversity Approach

In this approach, the combined energy of all the K sub-carriers is to be deter-
mined. The distribution of which is obtained by summing the K exponential
RV’s with identical mean A, which is defined as Gamma(K,\) [74]. Here
K and X represent the shape and scale parameters of the Gamma function,

respectively. Now, from (4.10), the probability of successfully detecting a
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schedule in this case is defined as

B e

while the probability of outage of schedule, using (4.11) is given as

G

p=0

J;M”

The state transition matrix P;; from (4.16), is therefore written as

o T(E () () M- (Z5() (3)):

z p=0

The state transition matrix P;; thus helps in finding the schedules running

in the network.



Chapter 5

Results and Discussions

This chapter presents the results for both the one shot polling of sensor nodes

and the polling of sensors in a multi-hop OLA network are analzed.

5.1 Results for One Shot Polling of Wireless
Sensors

This section presents the numerical results obtained through NP tests for
both LOS and NLOS channels. Fig. 5.1 provides the ROC curves for Pp
versus Pry4 for equal number of sensors transmitting in the detection and
non-detection bands, or S; = S5 such that S; + 55 = 40, while the number
of sub-carriers in the detection band is larger than or equal to the number of
sub-carriers in the non-detection band, keeping the total number of diversity
channels equal to 30, ie., K1 > Ky and K7 + Ky = 30. If K; = K5 and
S1 = S, the detector performance is shown by the linear line at 45°, which

is intuitive since there is no majority in the sensors’ reports. However, it

39
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Figure 5.1: The ROC curves for different values of K7 and K5 but for same
values of S and S5, i.e., S; = S5 = 20, at 10dB of SNR with NLOS channel
can be seen that if the diversity channels for detection band are increased,
then we achieve a higher Pp. In other words, the graph provides an insight
into the ‘distortion of truth’ if we increase the diversity channels only in the
detection band. A Monte-Carlo Simulation test is also conducted to prove the
theoretical model. The figure clearly shows that the theoretical results have
a close match with the simulation results, thereby providing the accuracy of
our proposed model.

Fig. 5.2 represents the ROC performance for equal number of sub-carriers
in both detection as well as non-detection bands, however, varying the num-
ber of sensors that report the event happening. The total number of sensors
in the area are kept at 100. It can observed that by increasing the total

number of sensors transmissions in the detection band, the Pp increases for
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Figure 5.2: The ROC curves for K; = Ky = 10 for varying values of S; and
Sy at SNR of 10dB in a NLOS channel.

a fixed Pp4. This phenomenon can be attributed to the ‘majority voting’
in a binary polling system where the detection probability increases as the
number of sensors increases.

Fig. 5.3 shows a contour plot of the probability of detection for a case
where K1 = K5 = 10, and the total number of sensors are 50, i.e., S7 + S, =
50, however, their difference is plotted against the SNR. The Pg, is kept
fixed at 0.05. It can be seen that a high Pp can be achieved by keeping the
difference of S} and Sy large, however, operating the system at low SNRs.
This is because when many sensors are transmitting in the detection band,
the power gain (or array gain) improves the detection probability. Similarly,
a high Pp also results when the SNR of the system is high although the

margin of the majority, i.e., S; — Ss, is small. Note that the top right corner
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Figure 5.3: Contour plot of probability of detection for varying SNR; K; =
K5 =10, and Pry = 0.05
of the plot depicts unit Pp.

Fig. 5.4 shows the diversity effects on the performance of detection when
the number of sub-carriers across both detection and non-detection bands
are the same, however, there are only event reporting sensors in the area.
In symbols, this implies K; = Ky, S = 5 and S, = 0. The plot shows
that to get a low detection error, one must resort to increase the number of
diversity channels so that the diversity gain starts to play its role. We observe
the increasing slopes’ characteristic of increasing diversity. For example, the
limiting slope of K7 = Ky = 10 is twice that of K; = Ky = 5.

Finally, we also provide results of ROCs for both LOS and NLOS channels
at an SNR of 0dB. The Fig. 5.5 here shows that as we increase the x-factor

for the LOS channels, the detection performance also increases .
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Figure 5.4: The error performance vs. the SNR for varying values of K; and
Kg; Sl = 5, and SQ =0
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Figure 5.5: The ROC curves for both LOS and NLOS channels at K; = 20,
K2 = ]_0, and Sl = 82 = 200.
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5.2 Results for Polling of Sensors in a Multi-

hop M2M Network

This section presents the comparison of both the analytical and the sim-
ulation results for different system parameters of the multi-hop case. The
monte-carlo simulations are performed for 100,000 trials. Throughout this
section, we consider the fixed value of 7= 0.5, N =1, and S = 4.

In Fig. 5.6, the state probability of the packet state Y (I) = {1100} is
determined against the different number of hops for various values of the
transmit power, P, of the OFDM packet. It can be seen that the analytical
curves of the state probabilities for the Markov chain are in close approx-
imation to that of the simulation values. Moreover, the results state that
the state probability decreases as the hop distance starts to increase between
the source and the destination. Moreover, for increasing values of transmit
power, P, the state probability also increases.

Fig. 5.7 investigates the probability of detection of both the schedules
1 and 2 against different values of transmit power, P for S = 4. All the
three proposed approaches are compared here for different number of sub-
carriers per schedule, K. We assume that the destination node is located 30
hops from the source node. The nodes that follow schedule 1 and 2 are 10
and 20 hops away from the source node, respectively, i.e., n; = ny = ng =
10 and m = 30. The results here show that for the lenient and diversity
approach, the probability of detecting both the schedules at the destination
node increases when we increase the number of sub-carriers, K, assigned to

each schedule, s. The reason is that, for the lenient case, when K increases,
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Figure 5.6: The probability of detection for different number of hops for
varying P.
the probability of successfully detecting any one sub-carrier out of K sub-
carriers increases. For the strict approach, the inverse happens, i.e., when K
increases, the probability of successful detection of all the sub-carriers at a
time, decreases. It can be observed that the diversity approach is better in
terms of detection probability because of the additive effect of K diversity
channels. A special case arises for K = 1, where all the approaches provide
the same performance.

In Fig. 5.8, for the diversity case, the outage probability of both the
schedules 1 and 2 is determined for different number of schedules, .S, present

in a network against various transmit powers. The total number of sub-
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Figure 5.7: The probability of detection against the transmit power, P, for
varying K.

carriers, K, assigned per schedule are 3 and the values of ny, ny and ng are
assumed to be 10, ie., n; = ny = ng = 10. We can observe here that the
outage probability increases as the value of S increases. This is due to the
fact, that the transmit power of each sub-carrier decreases when we increase
the number of schedules in a network. When the value of S increases, the
bands in an OFDM packet also increase in order to cater every schedule.
Therefore, the total power of an OFMD packet divides by the term K.S, and

hence each sub-carrier gets a fraction of 1/KS of the total OFDM packet



CHAPTER 5. RESULTS AND DISCUSSIONS 47

10

Outage Probability
6‘kl

10 f | =S = 3, Analytical
S = 3, Simulation
S = 4, Analytical
O S =4, Simulation
S =5, Analytical
A S =5, Simulation

10

0 2 4 6 8 10 12 14 16 18 20
P (dB)

Figure 5.8: The outage probability vs. the transmit power, P, for varying S.

power. The analytical results here are also verified by the simulation results.

The probability of detection for different hop combinations, i.e., for dif-
ferent values of ny, ny and ng are investigated in Fig. 5.9 for the diversity
scenario. The results are derived by keeping the same source-destination dis-
tance for all the combinations, i.e., for m = 30. The total schedules, S, and
the sub-carriers per schedules, K, are considered to be 4 and 3, respectively.
The total transmit power, P, of the OFDM packet is taken as 10dB. For every

combination of nq, ny and ng, the gray and blue bars indicate the probability
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of detection of schedules 1 and 2, respectively, while, the red and pink bars
give the measure of false alarm for the schedules 3 and 4, respectively, in
Fig. 5.9. It is shown that, in all the cases, the probability of detection of
schedule 2 is higher than that of schedule 1. This is because, the node that
follows schedule 2 is somehow closer to the destination as compared to the
node that follows schedule 1. This difference in probability increases as the
node following schedule 2 moves more closer to the destination. The differ-
ence is least for the case when both the nodes are more closer to each other.
Also, because of the channel conditions, the schedules 3 and 4, which are not
part of the source-destination route also detect at the destination with same

probability of false alarm.
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Figure 5.9: The probability of detection for different combinations of ny, ns
and ns.
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Finally, in Fig. 5.10, the combined outage probability of schedules 1 and 2
and the probability of false alarm of schedules 3 and 4 is determined for vary-
ing values of threshold, 7. The curves indicate that as the threshold increases,
both the outage probability and the probability of false alarm increases. This
is because, the probability of incorrect detection of the schedules increases

with increasing value of 7.

Probability

=——— Qutage (P = 10 dB)

: ——O— False Alarm (P = 10 dB)
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—@— False Alarm (P = 15 dB)
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Figure 5.10: The outage probability against different thresholds for S = 4.



Chapter 6

Conclusion & Future Works

This chapter concludes the work done in this thesis and also highlights the
work in this domain that will be carried out in the near future.

We explored the role of diversity in a one-shot polling scheme in Chapter 3,
given certain numbers of sensors reporting detections and non-detections, re-
spectively. A Neyman-Pearson test has been derived assuming independent
fading diversity channels with or without the line-of-sight. For example, the
technique could be implemented with OFDM and could be used to reduce
the latency and overhead when polling a collection of sensors. Diversity order
has been shown to play a strong role, enhancing the probability of detecting
the signals sent by the sensors.

Chapter 4 investigates three different approaches for finding the schedules in
a linear striped-shaped horizontal network. The analytical expressions for
each case is derived using the Markov chain model for the irreducible state
space in discrete time. For detection of schedules in the network, an OFDM

packet is considered that travels all the way to the destination. The inter-

20
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mediate nodes perform energy detection and insert the information of their
own schedule, that they follow, in their respective sub-carriers. The destina-
tion, when detects the schedules that are occupied in the network, provides
the source node with a different schedule that is not already in use, for data

transmission.

Ideas for future work include the following suggestions:

e The practical implementation of the OFDMA systems in order to eval-

uate the more realistic readings.

e The prior probabilities of the sensor nodes will be catered for the future

studies.

e In the single-hop analysis, the multiple-hypothesis testing will be per-

formed in order to detect multiple decisions of the sensor nodes.

e The work done on a single striped-shape network will be generalized

for the case of n hops in a level.
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