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Abstract

Space-time block code (STBC) is one of the most important techniques for de-
signing orthogonal channels thereby adding diversity in wireless cooperative
multi-hop networks. These STBCs are used by the decode-and-forward (DF)
nodes at each hop of the cooperative strip-shaped networks. To deal with the
uncertainty of DF nodes in opportunistic strip-shaped cooperative network,
partially randomized and near-orthogonal random space-time block codes
(STBCs) are designed resulting in orthogonal and near-orthogonal channels
respectively. These channels transmit information independently in a fully
opportunistic wireless network thereby adding diversity and coding gains.
The network is considered to have fixed hop boundaries having constant
node density opportunistic large array (OLA), and operating on decode-and-
forward (DF) relaying mode. Two types of system models are considered, out
of which partially randomized STBC is designed for the one having determin-
istic node geometry and near-orthogonal random STBC is designed for the
one with a completely random node geometry. In order to deal with random
number of decode-and-forward nodes, M, in each hop, directional statisti-
cal concepts are utilized for the randomization of underlying deterministic
STBC letting each node to transmit linear combination of symbols or STBC

columns. The transmissions are modeled stochastically using Markov chain.



vi

Network performance is evaluated on the basis of one-hop success probability

and coverage for different node geometries, number of nodes per hop, N, and

dimensions of STBCs.
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Chapter 1

Introduction

Wireless channels are prone to fading, shadowing, interference, and other
types of transmission impairments thus limiting the performance of wireless
networks. Whereas these channel fading effects can be highly reduced by
exploiting spatial diversity [1].

In wireless ad-hoc sensor networks, each spatially distributed autonomous
sensor node acts as a distributed multiple-input multiple-output (MIMO)
antenna thereby adding higher diversity gains [2]. Multi-hoping along with
added diversity gains and low transmit power (because of point-to-point links
between nodes from source to destination) make these networks a best choice
for long-range and low power transmissions [3]. In order to add diversity gains
for improved link reliability and coverage range, distributed nodes coopera-
tively transmits the same information towards the intermediate nodes that
relays it towards the destination via multi-hoping. This type of transmission
is known as cooperative transmissions (CT) and the networks that imple-
ments CT are known as cooperative networks (CN). Majorly CN undergoes

two types of relaying and these are:
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1. Amplify-and-Forward (AF): In this type of relaying technique, the in-
termediate nodes amplify the source signal received from the previous
hop without looking into the content of a message, i.e., no demodula-
tion and decoding takes place at the intermediate relaying nodes [4].
The disadvantage of this relaying technique is that the additive noise
will have higher power because of noise amplification along with signal

amplification.

2. Decode-and-Forward (DF):In this type of relaying technique, each in-
termediate node decodes and recovers the symbols transmitted by the
source, and if it successfully decodes the source information only then
it will be eligible to relay that information to the nodes in its vicinity
otherwise, it will not [5]. The difference from AF is that, not all the
relays take part in cooperative transmission and the additive Guassian

noise will have low power.

1.1 Opportunistic Large Array Networks

Cooperative network that undergo control flooding at physical layer (PHY)
is known as opportunistic large array (OLA) network [6]. Opportunistic large
array (OLA) is a transmission phenomenon for achieving cooperative diver-
sity, thereby improving reliability [7], link quality, coverage[8], and energy
efficiency[9]. The OLA transmission mode of cooperative communications
(CC) is the one in which large groups of low power sensor nodes relay the
same message to a far off destination node. This type of network employs

decode-and-forward (DF) relaying mode, on the basis of which multi-hop
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communication takes place from the source to the destination[6]. The relay-
ing nodes in each hop transmit the same message block towards the nodes
in the next hop without any inter-node coordination, i.e., each node is con-
sidered to be completely autonomous. Hence, OLA provides a low overhead

and low power solution for large dense wireless sensor networks.

1.2 Diversity

One major transmission impairment in wireless communications is multi-path
fading because of which signal fades, i.e., the fluctuation in signal strength
such that the power of received signal falls below a certain level which results
in high bit error rate (BER). Diversity is a technique through which we can
combat fading by transmitting replicas of a signal over time, frequency, and
space [1]. Hence, diversity can be characterized by number of independent

fading paths between a transmitter and a receiver.

1.2.1 Diversity Techniques

There are three techniques by which diversity can be added to wireless net-

works.

o Temporal diversity: In this type, copies of a signal are transmitted
over time followed by channel coding and time interleaving. This type
becomes practical for the cases where the channel coherence time is
small as compared to symbol or signal duration thus, assuring that at

different times channel behaves independently.

o Frequency diversity: Replicas of a signal is transmitted over frequency
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in this diversity type. It becomes applicable when we have small chan-

nel coherence bandwidth as compared to signal bandwidth.

e Spatial diversity: Also known as antenna diversity is a diversity tech-
nique in which copies of a signal are transmitted through different spa-
tially separated antennas. Antennas are considered to have minimum
separation in between so that information undergoes independent chan-
nel fades. This is an effective diversity technique for combating multi-

path fading.
Each of these diversity techniques have their own pros and cons such that:

1. Temporal diversity adds diversity at the cost of transmission delay in

the network.
2. Frequency diversity adds diversity at the cost of high bandwidth.

3. Spatial diversity adds diversity at the cost of reduced expected data

rate.

In order to achieve full diversity at reduced incurring cost, the two diver-
sity techniques temporal and spatial are combined and thus given the name
space-time block codes (STBCs). STBCs are explained briefly in next section

along with their application to cooperative network.

1.3 Introduction to Space-Time Block Codes

Space-time block coding is a transmit diversity technique that was introduced

for MIMO networks in order to add full diversity by the design of orthogonal
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channels [10]. The fully orthogonal STBCs (OSTBCs) ensure full diversity.

These codes can be represented in a matrix form as

51 So
—s5 si]

which is the first OSTBC proposed by Alamouti in [10] for collocated MIMO
systems. Here, s; and s, are the two modulated symbols. The rows in the
code represents the time slots that will be consumed for a transmission of a
symbol block and the columns represents the symbols transmitted from one
antenna in their respective time slots. This implies that information is being
transmitted over time and space both.

The orthogonality of the code can be revealed by the inner product of

the columns, which is zero for the above mentioned case such that
51585 — 5551 = 0.

This is the only proposed OSTBC that ensures full diversity at full rate.
All other OSTBCs principled at Alamouti’s code either made a compromise

between diversity (orthogonality of a code) or rate [11]-[14].

1.3.1 On the Use of OSTBC for Cooperative Network

Although the number and identity of transmitting nodes in CN are not known
a priori but, we try to explain how OSTBCs proposed for MIMOs can be used
for cooperative network having known number of DF nodes as shown in Fig.
1.1. In Fig. 1.1, a two-hop network having a source, So, and destination,

De, with two intermediate relays R, and Ry respectively are shown.
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Figure 1.1: Two-hop cooperative network.

In first phase of transmission the source transmits a block of symbols [31 32]
towards the relays as mentioned in [15, Ch. 6]. Let, the post detection signal-
to-noise ratio (SNR) at the two relays is greater than the predefined thresh-
old, 7, defined for the received power. Now these two DF relays cooperatively
transmits the message block towards the destination in the next transmission
phase on orthogonal channels using Alamouti OSTBC. The received signals

during the two time slots at the destination can be represented as

r = S1h1 + Sghg + 21,

o = —Szhl + Sihg + 29, (].].)

where 7y and 79 are the received signals during the two time slots receptively,
h; is the channel gain from the i** relay to the destination, and z;’s are
the additive Guassian noise samples. Receivers having perfect channel-state-

information (CSI) combines the received signals as

51 =hiry + hor; = (|h1|2 + |h2|2) S1,
§2 = h;?”l — hl’l“; = (|h1|2 —+ |h2|2) So. (12)
These above received symbols 5; received with a diversity gains will then be

sent to maximum-likelihood (ML) detector for detecting and decoding of the

source symbols.
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1.4 Applications of Strip-Shaped OLA Net-
works

Cooperative multi-hop or OLA strip-shaped networks find its applications in

many fields, few of them are given below:
e Smart grid communications [16].
e Battle field surveillance.
e Forrest fire detection.

e Remote Patient monitoring in adjacent rooms and floors .

1.5 Motivation

This thesis targets to design orthogonal and near-orthogonal channels for
two nodes geometries of a strip-shaped cooperative multi-hop network in
order to combat multi-path fading. This task can be accomplished by using

deterministic OSTBCs and then

e Partially randomizing them for strip-shaped OLA network having de-
terministic two-dimentional (2D) grid geometry with node tagging, re-

sulting in fully-orthogonal STBCs or channels.

e Completely randomizing them for strip-shaped OLA network having
random node geometry, resulting in near-orthogonal STBCs and chan-

nels.
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1.6 Problem Statement

1. To design full orthogonal transmission channels for a 2D grid strip-

shaped cooperative multi-hop network.

2. To design near-orthogonal transmission channels for fully opportunis-
tic strip-shaped cooperative multi-hop network having random node

geometry.

1.7 Thesis Organization

The rest of the thesis is organized as follows:-

1.7.1 Chapter 2

In chapter 2, background study and some of the related works published in
the domain of cooperative multi-hop networks and space-time block codes

have been discussed in detail.

1.7.2 Chapter 3

In chapter 3, the design of partially randomized space-time block codes for
2D grid strip-shaped cooperative multi-hop network considering node tagging
has been proposed. One-hop success probability and transition probability
expressions are derived for the given system model. Results are being ana-

lyzed for different deterministic node geometries.
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1.7.3 Chapter 4

Chapter 4 discusses the network model for the fully opportunistic OLA net-
work considering random node geometry and fixed hypothetical boundaries
between adjacent hops thus, making a multi-hop cooperative network. The
design of near-orthogonal randomized STBC has been proposed for this type
of network with the help directional statistical concepts. Network perfor-
mance in terms of success probability and maximum coverage has been eval-

uated for optimal node density and STBC.

1.7.4 Chapter 5

Chapter 5 finally concludes this thesis and provides some insights to the

possible extensions that can be made on this work.



Chapter 2

Literature Review

The real-time multimedia and other web-related services demands high through-
put which the next generation networks are aiming to achieve. However, dif-
ferent transmission impairments and channel fading limits the transmission
capabilities of a wireless channel including maximum achievable throughput.
In this regard, different diversity techniques were proposed as mentioned in
chapter 1. But, the one that offers maximum diversity gain for minimum
required latency and bandwidth is spatial diversity. Multiple-input multiple-
output (MIMO) systems firstly incorporated the spatial diversity technique
by using multiple antennas at the transmitter and receiver sides [17]. MIMO
systems are the ones that ensure higher throughput values by combating
channel fading and transmission impairments. However, this technique be-
comes impractical for sensor networks because of high antenna installation
costs and small sensor size [18].

Laneman in [19] proposed a technique named distributed MIMO in oppose
to co-located MIMO for sensor networks in which the spatially distributed

sensor nodes acts as virtual MIMO antennas forming an antenna array. The

10
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communication that these types of cooperative networks (CN) undergo is
known as cooperative communications resulting in cooperative diversity at
the receiving nodes. In [6], authors considered a controlled flooding phe-
nomenon for cooperative communications and proposed a special type of CN
known as opportunistic large array (OLA) network. OLA is basically the
transmission phenomenon in which the group of nodes transmits the same
information on orthogonal fading channels towards the next group of nodes
thereby making multiple levels in a network.

In past few years, extensive research has been performed on the modeling
of cooperative multi-hop networks and especially OLA networks under dif-
ferent fading [20]-[25], shadowing [3], and interfering environments [26]. Per-
formance analysis under imperfect timing synchronization at the transmitter
and receiver side has been studied in [27]. In [28], maximum coverage has
been obtained for optimal node deployment, i.e., by arranging the nodes in
the form of clusters in one-dimensional (1D) cooperative multi-hop networks.
However, all of these works require the message block to be transmitted by
the DF nodes on independently fading orthogonal channels after achieving
transmit time synchronization. These orthogonal channels must be designed
in order to achieve maximum diversity and minimum interference.

Orthogonal space-time block codes (OSTBCs) is a well known diversity
technique that helps in transmitting the information on orthogonal channels
operating on same frequency band. OSTBCs were firstly designed for the
multiple-input multiple-output (MIMO) systems for deterministic number
of transmit/receive antennas for achieving lower error probability [10]. On

the other hand, in OLA networks the number of DF nodes in each hop is
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a random entity. For this many authors have proposed randomized STBCs
for distributed cooperative networks (CN). Although an extensive material
is available for STBCs of general MIMO systems, very few literature is avail-
able on the design of randomized STBCs. In [29], authors have assumed the
assignment of orthogonal STBC columns to the decoding nodes by a cen-
tral entity, which results in extra communication overhead. However, this
centralized assignment has been ruled out by making the selection purely
local at the node in [30], where each node randomly selects an STBC column
with the help of canonical basis vectors given the uniform distribution of
these basis vectors. This equi-probable basis will result in diversity loss and
hence increased error probability. In [31], randomized STBC designs have
been proposed for CN by the introduction of random vectors generated in-
dependently at each DF relaying nodes. These random vectors that combine
to form a randomized matrix were resulted through different stochastic and
directional statistical techniques. Out of all the proposed designs for random
vectors the one that out performed in average error probability analysis was
the vectors generated uniformly on the surface of unit hypersphere [32]. The
reason behind minimum error probability for this randomization technique
was that the random independent vectors tends to be nearly orthogonal.
Therefore, the product of an orthogonal STBC matrix with a nearly or al-
most orthogonal vector results in the nearly orthogonal matrix. Hence, this
near orthogonality results in minimum interference and thus low average er-
ror probability.

All of the above mentioned randomized STBC techniques considered the

single source destination pair and the intermediate relays, i.e., a two hop
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network. The design of randomized OSTBC (ROSTBC) for multi-hop CN
has only been addressed in [33] but the authors have considered amplify-and-
forward (AF) relaying with fixed number of nodes in each hop. Therefore in
this thesis , we have proposed partially randomized STBC for 2D grid strip
OLA network where the DF nodes in each hop were considered random and
all the nodes were being tagged where each DF node selects a distinct OSTBC
column on the basis of the tag assigned to it. We have also considered to
design randomized STBC for fully opportunistic strip OLA network geometry
in which the nodes are placed randomly using binomial point process (BPP)
in a square region. The randomized STBC proposed in [31] has been used and
extended to the multi-hop CN presented in [34] hence, proposing a completely
randomized near-orthogonal STBC for OLA network. For both the designs,
strict boundaries have been considered to group equal number of nodes in
each hop. The networks are modeled by considering the flat Rayleigh fading
channel with path loss effects. It has also been assumed throughout this work
that the receivers have perfect channel state information (CSI). To the best
of our knowledge, no one has addressed to design and to analyze the use of
randomized STBC for OLA network having deterministic and random node

geometries which has been the main motivation behind this work.



Chapter 3

Partially Randomized
Space-Time Block Code

3.1 Introduction

In this chapter, the required design of orthogonal channels for the 2D grid
strip-shaped OLA network is discussed. This requirement has been fulfilled
by the design of partially randomized STBCs considering tagged nodes.
The message block from the decode-and-forward (DF) nodes are mapped
on to partially randomized STBCs and the transmitted signal undergoes
the Rayleigh fading with additive white Guassian noise (AWGN). Transmit
and receive times synchronization has been assumed throughout our study.
Closed form expressions for received power, one-hop success probability and
transition probabilities have been derived. System performance has been
analyzed on the basis of maximum coverage, total delay, and required SNR
margin for different node geometries. The performance of distributed 2D

grid strip OLA network is compared with co-located group topology in the

14
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Figure 3.1: 2D grid strip network layout.

end.

3.2 Network Model

In this chapter, we are considering an extended network of nodes that are
arranged along a 2D grid, making a 2D strip cooperative network as shown
in Fig. 3.1. Each node is a distance d apart from the adjacent nodes along
each dimension. For our case, we assume that the nodes, which decode the
message in a hop, i.e., the nodes represented by filled circles in Fig. 3.1,
relay it synchronously to the nodes in the next hop using an orthogonal
space-time block code. In each hop of the 2D strip network, the receiving
nodes decode the message on the basis of a modulation dependent threshold.
The comparison of the received signal-to-noise ratio (SNR) with the threshold
is done at the output of the diversity combiner, and if the received SNR is
greater than or equal to this threshold, the node will be able to decode the
message and vice versa.

For the 2D strip network shown in Fig. 3.1, the nodes are numbered from
top to bottom and then from left to right. The length of the level or hop is

the number of nodes present along the horizontal direction, while the number
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of nodes along the vertical direction represents the width of the hop. The
product of length and width gives the total number of nodes present in one
hop of the 2D strip network. In general, we have, M = L x W, where the
total number of participating nodes in each hop is, M, L is the length, and
W is the width of a hop. In case of M number of nodes in each hop, we
consider to use the orthogonal STBC for M transmit antennas, i.e., STBC
having M orthogonal columns.

Consider a block of symbols s :[31 Sy - S ! to be transmitted
cooperatively towards the destination using M nodes of a level, where []T
denotes the transpose operation and b is the total number of symbols that
makes a message block. The relay nodes in the n'” level use orthogonal STBC
to cooperatively transmit the information symbols to the next (n+1)% level

nodes on orthogonal channels. The received signals in P time slots on a k'

node of level (n + 1) can be represented as

ygi)ﬂ) = PG (k™ o1 (n)) +3, (3.1)
T
where ygfbll)e CPx1 ie., yg?ﬂ) :[ T yg‘“)] is the received

signal vector at the k* node of the (n+1)" hop and Pt is the transmitted
power, which is assumed equal for each node. The matrix G& CP*M is the
complex orthogonal STBC having P rows and M columns, i.e., STBC for
M number of cooperating nodes, and transmission of each message block
from one level to the next takes on P time slots. The vector h®e CM x 1
ie., h® = [hg’“) h;’“) . hg\’?]T is the channel vector and the subscript of
individual elements denotes the transmitting node from the previous level.
The vector I (n) = []11 (n) Iy(n) --- Iy (n)] ! is the indicator or state vec-

tor for the nodes of the previous n'” level and its elements take on binary

values indicating the DF nodes of the previous level. For instance, if the



CHAPTER 3. PARTIALLY RANDOMIZED SPACE-TIME BLOCK CODE17

first node of the previous level has decoded the information, then I; (n) = 1,
otherwise I; (n) = 0. The vector, z, is the complex Gaussian noise vector
and the mathematical operator o denotes the Hadamard product between
two vectors.

Each h;k) from the channel vector represents the fading channel from
the j relay node of the n'™ hop to the k' receiving node of the (n+1)™"
hop. The channels between j** transmitting node from the previous level to
one of the node of next level are stacked to form a vector and this vector is
represented in (3.1) as, h(*). Each of these channel gains between a node pair
also takes into account the path loss between them. Therefore, we define h§~k)
as, hgk) = z'—z_;:, here a;;, is the complex Gaussian random variable with zero
mean and Linit variance representing Rayleigh fading, djk is the Euclidian
distance between the two nodes, and [ is the path loss exponent that can
be in range of 2-4. The channel is assumed static during the transmission of
one block. Therefore, h;k) remains constant for the transition of one message

block. At each k' receiver, decoding takes place by using the decoding

matrix as given in (3.2), i.e.,

~ k
§0 = Hy (. (3.2)

In (3.2), H= G is the decoding matrix and is assumed to be known
at receiver and []H represents the Hermitian operator. The above equation
shows the maximal ratio combining (MRC) at the k' node, Where, §%) is
the received message block. After substitution of respective matrices, the
above expression can be represented as

sM =3 s, (3.3)

JENR
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This shows that the whole block of symbols will be received with a gain
of |N,,|, where |N,| is the cardinality of set N,,, which consists of the indices
of the nodes that decoded the signal perfectly at the n'* hop. Similarly,
the message signal in the form of block will be received at each node of the
(n+1)%" level. The decision of the node to decode the message perfectly, as
mentioned before, depends upon the transmission threshold, 7, i.e., if the
received power at the k' node is greater than or equal to 7, the node will
correctly decode the message block. Hence the expression for the received
power from (3.3) can be given as

Prid =P |hPR. (3.4)
J€ENR

From (3.4), it can be observed that the received power at a receiving node
depends on the transmitted power, distance between the adjacent nodes, path
loss exponent, and Rayleigh fading channel gain of the nodes that decoded
the message correctly in the previous n'* hop. This channel gain from the
nodes that have correctly decoded, depends upon the Euclidean distance
between the nodes. It has been assumed that all the nodes that correctly
decode the message in a hop or level, relay the symbols of a message block
to the nodes in the next level at the same time, i.e., there is perfect transmit
synchronization between the nodes along with perfect timing recovery at each

receiver [22].

3.2.1 2D Co-Located Groups Topology

In this subsection, we consider a different topology in which the nodes in each

level are placed closely in a co-located fashion to form a group as shown in



CHAPTER 3. PARTIALLY RANDOMIZED SPACE-TIME BLOCK CODE19

. n
L
) D

n+1 n+2

Figure 3.2: 2D Co-located groups topology.

Fig. 3.2. The only difference between the distributed 2D grid strip topology
and the 2D co-located topology is the distance between the adjacent nodes,
which is quite negligible for the co-located group case. Hence, this negligible
spacing between the nodes can therefore be ignored. The only distance that
can be taken into consideration is the inter-group distance, and that can be
represented as D = Ld, where L is the number of co-located nodes present
along the length in each group and d is the inter node distance in the dis-
tributed topology. This means that all nodes of one group are approximately
D distance apart from the nodes of the group in the next level. All other
assumptions, e.g. synchronization and timing recovery will also remain valid
for this model. Similarly, the co-located nodes from each group that decodes
the message use orthogonal STBCs to cooperatively transmit the message
to the group of nodes in the next level and therefore (1) remains valid for
this case also. The only difference as mentioned before is the inter-group
distance, D, instead of inter-node distance, d, which in turn effects the path
loss and so the channel gain between any two transmitter receiver node pair.
ajk

. (k) (k) _
Le., h;” can now be expressed for co-located topology as, h;” = Z.
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3.3 Transmission Modeling

As it can be deduced from (3.1) that the decision of the nodes of the present
level to decode the message block, only depends upon the nodes that have
decoded the message in the previous hop or level only. Therefore, this net-
work behavior can be modeled using Markov chain, where each node in a
hop can either be in state 1 or 0 if it has perfectly decoded or not, respec-
tively. Hence, the state of each j™ node of n'® level or time instant, can be
represented by a binary indicator random variable as used in (3.1), i.e, Lj(n).

Therefore, the state of the network at any time instant n can be repre-
sented as M-bit binary word I(n). This indicator RV collectively represents

the.state of each node of present hop as

Iy (n) w41y (n) - Tep-1y w1y (n)
Iy (n)
I(n)=1| o ' . (3.5)
For example, from Fig. 3.1, at level (n+ 1), I1(n + 1)=1, 12(n + 1)=0,
- 10
I3(n + 1)=0, and I4(n + 1)=1. Therefore , I (n+1) = . In order
0 1

to convert the above state representation into linear or M-tuples form, i.e.,
I I[]Il I --- ]IM}T, vec vector operation is applied to (3.5) as I(n) =
{vec [f (n)] }T. Hence, state of the network in Fig. 3.1 at time instant n+ 1
can be expressed as I(n + 1) = [1001]". At this point 2D Markov chain
has taken the form of 1D representation. The state space will have 2M-1

transient states in addition to an absorbing state that eventually terminates
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the transmission. An absorbing state is the state in which all the nodes
of a hop fail to decode the message block, thus terminating the message

propagation.

3.3.1 Transition Probability Matrix

The Markov chain, I(n) can be defined completely by union of two sets,
the transient state space X, i.e., X = {1,2,...,2M~1} and {0} the absorbing
state. Each element of the set X will take on a binary word representation
form, which can be termed as indicator or state vector. The other set {0} is
the set of all zeros and there is always a non-zero probability of transiting to
this state which increases asymptotically as, nh_}rgo P{I(n) =0} /1.

The concept of absorption with non-zero positive probability results in the
quasi-stationary distribution for the given Markov chain [22]. An irreducible
and right sub-stochastic transition probability matrix P having dimensions
(2™ — 1) x (2™ —1) is then formed by removing the transitions to or from
the absorbing state. The Perron-Frobenius theorem is then invoked on P to
get the maximum eigenvalue and the left eigenvector.

Each entry of the transition probability matrix represents the probability
of being transiting to one of each possible transient states. Whereas, each
state tuple depends upon the binary state of each node at any specific level or
time instant say n, i.e., the decoding probability of £*" node in n*" level can be
givenasP {I™(n) =1} =P {Pr(k) (n) > 7'}. Whereas, 1-P {Pr(k) (n) > 7'}
or I = 0 is the probability of being in outage, and P{Pr®* (n) > 7} can be
written as P{Pr®*)(n) > 7} = Tfpr(k) (y)dy. In this expression f,.m (y) is

0

the probability density function (PDF) of received power at node k. The
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distribution of received power Pr depends upon the topology in which the
nodes are arranged, i.e, the PDF of received power at a node may follow

different distributions in case of distributed and co-located topologies.

3.3.1.1 Transition Probability Matrix for 2D Grid Strip Network

Topology

For distributed 2D grid strip topology, the received power at the & node is
the sum of the the exponentially distributed powers from the previous level
with distinct parameter /\gk). These powers are exponentially distributed be-
cause of the square of each channel gain as in (3.3), and the sum of these
IN,,| exponentially distributed powers results in a hypoexponential distribu-
tion [22], that can be given as, £i0 (y) = %C’;k))\g.k) exp(—)\§-k)y). Hence,
j=

one-step probability of transiting from state a to state b will be,

Py = H Z Cj(k)exp(—)\;k)ﬂ

keN®) | jent?
H 1-— Z C’J(-k)exp(—)\§k)7') . (3.6)
keN"), FEN®

where > C§k)exp(—A£f)T) is the probability of success at node k, )\gk) =
)" AP (®) F®
—%, and C;7 = H#j FEMCE The sets N\, and N, |, represents the

indices of DF nodes and unsuccessful nodes (nodes having I*)(n) = 0) of

state b at the (n + 1) level, respectively.
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3.3.1.2 Transition Probability Matrix for 2D Co-Located Groups

Topology

Similarly in this case, the received power at each node in group again will be
the sum of exponentially distributed powers from the DF nodes of the pre-

2
Dﬁok

e As the inter-node distance

vious nodes but with same parameter A =
is almost negligible and the nodes in a level are co-located to form a group
therefore, they will have the same path losses, and distribution parameter to
the nodes in the next level. Hence, the exponentials having same parame-

ter will result in a Gamma distribution for the received power [35], and the

received power PDF will be,

1 -

£ (y) = WS\‘N"‘?J(‘NM_D%}?(—/\?J)- (3.7)

Hence, the one step success probability at k™ node of the next level

M@t (5
is, exp(—AT) 'Zo (z,) The one step success probability in (3.6) will be
]:

replaced by this expression for the co-located groups case, and the final ex-

pression then comes out to be

‘N(a) -1 ~
_ " ()\T)
Py = H exp(—A7) Z T
keN?), =0
(@) -
) NG |1 (M)
H 1 — exp(—AT) ~— 0 (3.8)
keN, =

3.4 Results and Analysis

In this section, we present the results that demonstrate the system perfor-
mance by the implementation of different STBCs for different number of

nodes, M, in each level, followed by some comparisons and analysis. We
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first present the relative comparison of one-hop success probability obtained
analytically through Perron-Frobenius eigenvalue, p, of the transition matrix
in (3.6) for M = 6, but with the variation in the values of L and W for
distributed case. This one-step success probability, pgs, for distributed case
is shown as function of SNR margin, 7, where v is the normalized SNR with
respect to 7, which can be defined as v = %. The values for some other
system parameters are d =1, =2 or 3, and P, = 1W.

Fig. 3.3 demonstrates the behavior of one-hop success probability, pg;s, for
the distributed network topology for 5 = 2. Hop size M is kept constant for
this case, i.e., M = 6, and different combinations of L and W are considered.
To carry out this comparison, we used orthogonal STBC for six antennas
given in [11] and it takes on 30 time slots to transmit a block of 18 symbols
cooperatively from one hop to the next. Generally, it can be observed that for
all possible combinations of L and W, one-hop success probability increases
with the increase in 7, where increase in ~ results in decrease of 7, making
more nodes to correctly decode the information. However, for a specific
value of v, the first two 2D distributed cases seem to achieve better pgs
as compared to 1D distributed case, i.e., L = 6 and W = 1. For the 2D
case, the one combination having greater number of nodes across the width,
(L =2, W = 3) provides better py;s as compared to the other combination in
which there are more nodes across the length of a hop (L =3, W = 2). The
reason behind this behaviour is the Euclidean distances between the nodes
of two hops that are least for the first case, on average, as compared to the
other two cases. This distance in turn effects the path loss and hence the

performance gain.
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One-hop success probability, Pyis

SNR margin, y (dB)

Figure 3.3: One-hop success probability for 2D distributed grid network.

Fig. 3.4 represents the difference between the one-hop success probability,
Pais, obtained from simulations and from analytical model. The value of
parameter M used in Fig. 34 are M =4 (L =2, W =2)and M =6
(L =3, W = 2) for different values of . The plot shows that the analysis and
simulation results match closely for different cases. In simulations, the one-
hop success indicates that at least one node decodes the message correctly.
The forthcoming results are all based on theocratical models.

In Fig. 3.5, the network performance is analyzed by evaluating the cover-
age in terms of maximum number of hops traversed or the maximum number
of nodes along the length of network that receives the information with a
given quality of service (QoS) constraint, n. In our case, we obtain the max-
imum coverage when we require our system to operate at above 90% success

probability for all hops, i.e., n > 0.9. Now if py is the one-hop success prob-
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One-hop success probability, Pyis

10 15
SNR margin, y (dB)
Figure 3.4: Comparison of pgs obtained through simulations and analytical

model.

ability then the success probability until ¢ hop will be p,.. Therefore, to
transmit the information block to ¢* hop with 90% success probability, we
require, p%, > 7. From here it can be deduced that the maximum number
of hops that can be traversed by the information blocks on average, with the

required success probability are ¢ < 2. This maximum hop value, ¢ when

Inpdis
multiplied with the L results in the average number of nodes, C, that receives
the information. The plot is generated for the three mentioned geometries
for M = 6, and it can be seen from Fig. 3.5 that the combination L = 2 and
W = 3 provides the highest coverage value at each possible SNR margin as
compared to the other two combinations of L and W.

Fig. 3.6 shows the general effect of increasing hop size M on the coverage

for various values of W, and for a fixed L. This figure shows that while
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Figure 3.5: SNR margin vs. maximum coverage for M = 6.

considering a certain geometry of nodes, the increase in M results in higher
coverage for the same required SNR margin.

The overall comparison of the distributed 2D strip network topology is
being summarized in Table 3.1, where P is the number of time slots that
an STBC takes on, Ty is the overall delay, and R is the rate. The table
quantifies the effect on various parameters for a fixed coverage range, i.e.,
C = 24, where nodes can be arranged in different geometries. For the case in
which M =6, L =2, and W = 3, we use an STBC of 3/5 rate provided in
[11] that transmits a block of 18 symbols from one hop to the next in 30 time
slots. Therefore, the transmission of a message block to the 24" node or 12t
hop, takes on 360 time slots. Thus, 3/5 rate STBC transmits the message
blocks to 24™ node with a maximum rate of 18 symbols /360P. From Table

3.1, it can be inferred that if the horizontal stretch of a hop contains more
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Figure 3.6: SNR margin vs. maximum coverage for various values of M.

nodes, then the information is transmitted towards the far away nodes with
lower delay and at high SNR margin. Whereas, if we increase the number
of nodes along the width and keep L constant then with the increase in W,
diversity increases and information transverses towards its destination with
higher delay but at a lower SNR margin. This shows that there is a tradeoff
between delay and required SNR margin. Hence, the selection of an optimal
STBC and node geometry mainly depends upon the type of application or
scenario in which we want to operate, i.e., if the application is more energy-
constraint then we select the one that requires lower SNR margin, e.g. half
rate STBC with L = 2 and W = 4, otherwise, for delay sensitive applications,
linear or 2D geometry having larger L should be used.

In the end, we make a comparison between two topologies discussed be-

fore, the distributed and co-located groups topology. The eigenvalues for
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Table 3.1: Comparison for optimal STBC and node geometry
M| L|W | STBC | Coverage | P Ty R ol
c| ¢ Pt (dB)

4|1 |3/4rate| 24| 6 4 | 24P 3sym/24P | 11.27

2| 2 |3/4rate| 24| 12 | 4 | 48P | 3sym/48P | 5.85

6|1 |3/5rate| 24| 4 |30 120P | 18sym/120P | 12.19

312 |3/5rate| 24| 8 |30 240P | 18sym/240P | 6.50

3/5rate | 24 | 12 | 30 | 360P | 18sym/360P | 3.67

8| 1 |1/2rate| 24 3 8 | 24P 4sym/24P | 13.04

4|2 |1/2rate | 24| 6 8 | 48P 4sym /48P 7.26

0 |00 |00 ||| D |
[\V)
w

2 4 |1/2rate| 24| 12 8 | 96P 4sym/96P 2.45

distributed and co-located groups topology gives the one-hop success prob-
ability and are denoted as pg;s and p.o, respectively. In Fig. 3.7, the differ-
ence between the two success probabilities, pgs — peor i plotted vs. the SNR
margins for path loss exponent of 2, and that results in a Gaussian-shaped
curve. These curves are generated for three different topologies keeping M
equal to 6. Fig. 3.7 shows that the maximum difference increases if we
arrange more nodes along vertical direction, i.e., larger W in distributed
case. These positive difference curve shows that co-located case performs
better than distributed one at lower SNR margins. Although, the plots show
that the co-located topology gives better success probability than distributed
one, however, in some sensing scenarios co-located geometry does not pro-
vide accurate or updated information about the points that are spatially
distributed. Hence, for these scenarios the nodes need to be arranged in a

distributed manner.
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Figure 3.7: One-hop success probability differences between co-located and

distributed topologies.



Chapter 4

Near-Orthogonal Space-Time
Block Codes

4.1 Introduction

In this chapter, we will discuss the design of near-orthogonal randomized
space-time block codes (STBCs) for strip-shaped cooperative multi-hop net-
work having random node geometry in context with the directional statistical
concepts. Channel and noise assumptions are same as considered in chapter
3 with transmit and receive times synchronization between DF nodes and

receiving nodes, respectively.

4.2 Network Description

Consider an extended strip-shaped cooperative multi-hop network that grows
in horizontal direction for a fixed number of nodes, N, placed randomly as

shown in Fig. 4.1. Each level forms a bounded WxW square region of area

31
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Figure 4.1: Fixed boundary strip network layout with N = 3.

A. In each set of compact area A€ R?, N nodes are uniformly distributed
using a binomial point process, ¢, such that ¢(A)= N. These compact set
of areas or levels separated through fix boundaries that occurs at regular
intervals form a multi-hop strip CN. In this type of network, the nodes that
decode the message received from previous (n — 1)th level, relay it to the next
(n)th level nodes. The nodes that successfully decode the message become
a part of DF set. For our case, DF nodes are represented as filled circles in
Fig. 3.1. These nodes decode the message block after comparing the post-
detection received signal-to-noise ratio (SNR), from the previous level, with
a predefined threshold, 7.

Let a message block s = [31 Sg - Sb]T needs to be transmitted co-
operatively to a far away destination node, where []T denotes the transpose
operation and b is the total number of symbols that makes a message block.
Each DF node maps the symbol block to an OSTBC, G (s), so that informa-
tion can be transmitted in an orthogonal manner towards the next hop of

nodes, i.e.,

s — G (s),

where G(s)€CP*E is the underlying complex OSTBC matrix having P rows
and L columns. The rows represent the time slots a block of symbols will

take in transmission from one hop to the next and L is the number of an-
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tennas (nodes in our case) in the underlying OSTBC. A potential problem
in fully opportunistic CN is that the number of DF nodes in each hop or
level is random. Hence, in order to have orthogonal transmission with the
deterministic OSTBC for a fully ad-hoc CN, a random independent column
vector i, of L x 1 at each k' DF node of a specific level is generated as
in [31]. These independent random vectors from each of the M DF nodes
combine to form a random matrix, R, of dimension Lx M. Each ry is being
multiplied with underlying OSTBC matrix thus transmitting a linear com-
bination of the symbols in each time slot P. On the other hand, x;=G (s)R

is the random code transmitted from each node, thus
s—>G(s) >R

The received signal in P time slots at the k™" node of (n + 1) hop can be

written as
vyl = PG ()R 42, (4.1)
(k) (k) r
where y .\ )€ CPx1 ie., Yini1) = Y S yg)] is the received sig-

nal vector at the k" node of the (n+1)" hop and Pt is the transmitted power,
which is assumed equal for all the nodes. The matrix G (s)€ CF*1 is the
complex randomized OSTBC whereas, the matrix R(s)= [1‘1 Ty - Ty
is the randomization matrix. The generation of each Lx1 random vector,
s, is explained briefly in the next section. The vector h®)e CM*1 je.
h*) = h(1k) hgk) . hg\’;)] ! is the channel vector and the subscript of indi-
vidual elements denotes the transmitting node from the previous level. The
vector, z, is the complex Gaussian noise vector.

Each hﬁ-k) from the channel vector represents the fading channel from the

j™ relay node of the (n)” hop to the k" receiving node of the (n+1)™ hop.
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The channels between j** transmitting node from the previous level to one
of the k™ node of next level are stacked to form a vector and this vector is
represented in (4.1) as h®), Each of these channel gains between a node pair
also takes into account the path loss between them. Therefore, we define hg.k)
as, h;k) = 2%:, here a;, is the complex Gaussian random variable with zero
mean and u]nit variance, djk is the random variable for Fuclidean distance
between the two nodes in our case, and [ is the path loss exponent that can
be in range of 2-4. The channel is assumed static during the transmission of
one block. Therefore, hg-k) remains constant for the transition of a message
block.

As described in [31], there are two interpretations of this randomization
technique. We have used the one in which Rh®, is considered as a whole,
instead of, G(s)R, in order to simplify decoding procedure at the receiver.
This case can be viewed as the deterministic OSTBC, G(s), transmitted over
a random effective channel h®. In order to perform coherent decoding, the
receiver estimates effective channel coefficients h® instead of estimating h®
and R separately. For that, training sequence at the transmitting nodes has

to undergo same randomization procedure.

4.3 Near- Orthogonal Random Matrix

To have orthogonal transmission through the DF nodes, a random vec-
tor needs to be generated at each of these nodes. The generation of full-
orthogonal random vector at each node without the exchange data is im-
possible. This implies that the nodes should cooperate in some manner so

that orthogonality of relaying information can be preserved. But for our case
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it has been assumed that the network is fully opportunistic and the nodes
cannot exchange any information. Therefore, we come up with a design
of near-orthogonal STBC for cooperative multi-hop opportunistic networks.
For this purpose near-orthogonal random vectors need to be generated at the
DF nodes so that information can be retrieved at the £ receiving node with
a higher success probability.

Many designs have been proposed to generate near-orthogonal indepen-
dent random vectors. The one that gives the best results and has been used
in different applications is a random rotation of random unit vector on the
surface of unit hyper sphere S~!. This random rotation can be accomplished
by multiplying a random vector with special orthogonal (SO) matrices [36]
in a series in order to increase the probability of generating, M, e-orthogonal
vectors at the DF nodes. Where € should be at least 7/3 | i.e., 7/3 <e<m/2.
The generalized form of random vector after application of SO (L) group
matrices is, ry :[@J’ﬁ’k[o} IOl ... eifklL] T, where ) [m]~U (0,27), i.e.,
uniform distribution in interval (0,27). In directional statistics, the same
concept is addressed as generating random points uniformly on the surface
of unit complex/real hyper sphere [32]. The proof of near-orthogonality of
these random vectors is given in [37] and it states that as the dimensions
L increases for the unit vectors formed from the points generated randomly
on sphere, the angles between these random vectors get concentrated around
/2.

Let us assume that ||rg|| is the point generated from the origin as a re-
sult of uniform distribution on the surface of unit hyper sphere S*~! where,

each r; is L x1 vector whose elements are independent zero-mean and unit-



CHAPTER 4. NEAR-ORTHOGONAL SPACE-TIME BLOCK CODES 36

variance independent complex/real Guassian . For uniform distribution of
point on the hyper sphere each ry, is normalized, i.e., ||ry||=1. Each L-variate
random vector ||ry|| follows the L-variate Von Mises-Fisher distribution [32].
Whereas, for L. < M, the near-orthogonal matrix R follows the Von Mises-
Fisher matrix distribution or the matrix Langevin distribution and its prob-

ability density function (PDF) as given in [38] is
!/ 1 1 !/

where R is the random LxN matrix on Stiefel manifold for L < N, etr(F)=exp(trF)

and ,F, is the hypergemetric function with matrix argument.

4.4 Transmission Modeling

As stated earlier in section II, that random near-orthogonal matrix R will
be combined with channel vector h® to form effective channel vector h®.
According to [31] performance degradation results in symbol error thus, in-
creasing the symbol error probability, P.. As long as the underlying OSTBC
matrix G is full rank, i.e., rank(G)=L, it will have no effect on the outage
probability. Error matrix can be replaced with the outage which occurs as a
result of deep fade event [31].

Let {”Rh(k)H2 < T} be the deep fade event that results in outage. Now
the probability of not being a deep fade event or the probability of correctly
decoding a message block is the success probability P s at the k* node
of (n+1)" can be written as

pk)

success

(SNR) = Pr{|[Rn®| = 7}, (4.3)
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where 7 = (SNR)™' is a predefined decoding threshold or the required
SNR margin. R in the above expression (4.3) can equivalently be expressed as
RRH for eigenvalue decomposition as U¥SU, where U is random matrix and
[]" denotes the Hermitian operator on a matrix. S=diag(c,?, 02, - -, 0,7)
are the ordered eigenvalues in descending order of RR” Wishart matrix and
n=min{M, L} denotes the minimum of M and L.

As the nonzero singular values of a complex matrix R are the square roots

of nonzero eigenvalues of RRY, i.e.,
73 (R) =/ (RRH). (14)

therefore, (4.3) can now be written as

n
PP (SNR) = Pr {Zaﬁ
j=1

2
hg@\ > T} . (4.5)

Since the distribution for the singular values of matrix Von Mises-Fisher
distribution does not exist, therefore, the closed form expression for a success

probability at a single receiving node is prohibited.

4.4.1 Markov Chain Modeling of Random Strip OLA

Network

The transmissions that propagate from one level to the next follows a Markov
chain model as the state of the system at (n)th instant depends upon the
previous state. A binary random variable, Ij(n), represents the state of the

j™ node of the (n)™ level as

0 node j does not decode
1 node j decodes
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For deterministic node geometry, an N-tuple of this binary random vari-
able (RV), i.e., []11 (n) Iy(n) --- Iy(n) ! represents the overall state of
the system at an instant n, as described in Ch.3. But for the network model
considered here the inter-nodal distance between the individual nodes of two
adjacent levels is no more distinct and fixed. Therefore, for a random node
geometry the inter-nodal distance comes out to be random thereby making it
difficult to maintain the state of a level in the N tuple form. We, therefore,
consider that if any one of the node in a level is in a success then that level

will be in state 1, which means that the state of the system B (n) is equal to

the number of DF nodes at (n)" instant, i.e.,
B(n)=) Li(n). (4.7)

B therefore forms a finite state Markov chain as the state of (n)” level
depends upon the state of previous (n — 1)th level. The Markov chain B can
be completely defined by the union of two sets, the transient state space X

and the absorbing state {0} where,

1 One node is in success
2 Two nodes are in success
X = (4.8)
\N All N nodes are in success

The set {0} is the absorbing state and it refers to state when all the
nodes fails to decode the message thus terminating the message propagation.

Hence, the sub-stochastic transition probability matrix P with active states
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Figure 4.2: Omne-hop success probability comparison between Nearly-
orthogonal randomized STBC and antenna selection technique for L = N =

2.

transition probabilities for a given Markov chain will have dimensions, N X
N, removing the transitions to and from the absorbing state. The Perron-
Frobenius theorem [34] is then invoked on P to get maximum eigenvalue p,
which is the one-hop success probability. Where, 0 < p < 1 implies that the
square matrix P is not right stochastic as the sum of row probabilities does

not equal to 1.

4.5 Results and Analysis

In this section, we present various results pertaining to the performance of

cooperative multi-hop strip-shaped network with random nodes geometry,
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employing near-orthogonal random STBC. Comparisons and analysis have
been made by considering different number of nodes per hop, N, for different
or same underlying STBC columns, L. We obtain the results for the one-hop
success probability and coverage through Monte Carlo methods for 30,000
iterations of a symbol block and for W = 6. In the following , the chan-
nel coefficients are considered independent and identically distributed (i.i.d)
having a complex Gaussian distribution, i.e., hg-k)N/\fC(O, 1).

In Fig. 4.2, the performance of near-orthogonal random STBC is shown
as compared to the antenna selection random STBC technique. In an-
tenna selection scheme [31], each DF node randomly selects an STBC col-
umn by randomly generating a unit canonical vector such that, ry € @ =
{ex,k =1,...,L}. The comparison is made on the basis of one-hop success
probability, p, for different values of SNR margin, v , where v is the nor-
malized SNR and it is defined as, 7:;;—’;. The path loss exponent, =2 is
considered for all the results. To determine the one-hop success probability,
the entries of transition probability matrix P are computed using expres-
sions (4.5)-(4.8) for 30,000 iterations of a message block for a single value of
v. N =2 and L = 2 is considered for the result shown in Fig. 4.2. Here

G (s) is the Alamouti code, i.e.,

* *
—S9 5y

where s = [51 52} is the transmitted symbols block. The trend in Fig. 4.2
shows that the one-hop success probability increases with the increase in 7,

where increase in v results in a decreased 7 hence, allowing more nodes to
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Figure 4.3: One-hop success probability for cooperative multi-hop strip-

shaped networks for L = N.

decode. Besides that Fig. 4.2 also depicts that the near-orthogonal random
STBC has a better performance in terms of one-hop success probability as
compared to the antenna selection scheme for the network model shown in
Fig. 4.1. As for 90% success probability, antenna selection requires a high
SNR margin than the near-orthogonal random STBC technique.

Fig. 4.3 demonstrates the behavior of one-hop success probability, p,
for different values of N and corresponding values of L. This implies that
the underlying STBC code is selected on the basis of node density in each
hop, i.e., ¢(A)= N. The details regarding the rate of STBCs are given in
[11, 12, 13, 14]. The trend of p is same as in Fig. 4.2 but increasing N and
L requires higher v to achieve the same one-hop success probability.

Fig. 4.4 represents one-hop success probability trend, p, for different
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Figure 4.4: One-hop success probability comparison of near-orthogonal ran-

domized STBC for L = 2.

values of nodes per hop,N, keeping L constant. As previously Alamouti
code is utilized. Fig. 4.4 shows that increasing N improves the system
performance as at the larger values of N lower value of v is required for same
value of p. The reason behind this is that sometimes same information is
being sent out through all the N independent channels thereby increasing
the overall spatial diversity.

In Fig. 4.5 and Fig. 4.6, network performance is analyzed by evaluating
coverage in terms of maximum number of hops traversed by a message block.
In Fig. 4.5, coverage, C, is being plotted against v for different values of N
and L as considered for Fig. 4.3. Whereas, Fig. 4.6 shows coverage for a
constant L and increasing values of N. Multiple block of symbols are being

transmitted for coverage analysis from the first hop of the OLA network to
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Figure 4.5: Coverage vs. SNR margin for near-orthogonal randomized STBC,

L=N.

the next until the absorbing state {0} is reached. Let ¢ be the hop/instant
at which absorbing state occurs then, C' =¢ — 1 are the number of hops that
are coverage. The general trend in both the figures show that the coverage
value increases non-linearly with the increase in v as, the one-hop success
probability increases.

In the end overall comparison of multi-hop strip-shaped cooperative net-
work is being summarized in Table 4.1, where P is the number of time slots
consumed to transmit a message block from one hop to the next, Ty is the
overall delay up to C** hop, and R is the rate of the transmissions through
strip-shaped OLA network for different node densities and underlying OS-
TBC columns. The table figures out the effect of node density, N, and

OSTBC on latency, Ty, rate, R, and required SNR margin, v for a fixed
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Figure 4.6: Coverage comparison for L = 2.

coverage range in terms of number of hops, i.e., C' = 6. Specifications of
OSTBCs are provided in Ch. 3. Considering a case in which N = 4 and
L =4, an underlying OSTBC of rate 3/4 is used, that transmits a block of 3
symbols in 4 time slots from one hop to the next. Therefore, it will take 24
time slots to transmit a block of 3 symbols to the 6* hop at a required SNR
margin of 10.8 dB. From Table 4.1, it can be deduced that if an underlying
OSTBC having L orthogonal columns is selected according to the per hop
node density, N, such that L = N then, more information symbols can be
transmitted towards the far away nodes with almost same rate and at lower
SNR margin. Whereas, for constant L and increasing values of N same num-
ber of hops can be traversed with same rate and lower SNR margin, v, which
is still greater than the one in which L is increased correspondingly. Hence,

optimal near-orthogonal randomized STBC for strip-shaped OLA network
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Table 4.1: Comparison for the optimal combination of L and N for W = 6

N | L| STBC | Coverage | P T, R ¥
C PxC| b/T, |(dB)
2 | 2| full rate 6 2 | 12P | 2sym/12P | 15.7
3 | 2 | full rate 6 2 | 12P | 2sym/12P | 13.7
3 | 3] 3/4rate 6 4| 24P | 3sym/24P | 12.5
4 | 2 | full rate 6 2| 12P | 2sym/12P | 12.5
4 | 4| 3/4 rate 6 4 | 24P | 3sym/24P | 10.8

requires L to be equal to V.



Chapter 5

Conclusion and Future Work

5.1 Conclusion

In this thesis, we have proposed a way:

e To construct orthogonal channels by using STBCs for 2D opportunistic
large array sensor networks. Deterministic STBCs are made random
with the help of indicator or state vector, which are then used by the
random opportunistic nodes at each level. Markov chain and Perron-
Frobenius eigenvalue decomposition are used to completely model the
network state and the transmission strategy. The performance of the
network in terms of success probability, maximum coverage, and trans-
mission rate is then analyzed at different SNR margins. The success
probability comparison between distributed and co-located group node
geometries has been made. The results show that the choice of optimal

node geometry and underlying OSTBC is purely application dependent.

e To construct near-orthogonal channels by preserving the opportunistic

46
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nature of OLA network. Directional statistical techniques are utilized
for the generation of random independent near-orthogonal column vec-
tors at the DF nodes. The PDF expressions for near-orthogonal random
independent column vectors and randomization matrix are introduced.
The outage event is considered to occur when the channel undergoes a
deep fade. Transmissions are modeled using Markov chain that eventu-
ally end up in an absorbing state thereby making it a quasi-stationary
Markov chain. Perron-Frobenius eigenvalue decomposition are used to
completely model the network state. Techniques that were proposed
previously are compared on the basis of one-hop success probability.
Coverage analysis is being presented while taking in account the over-

all rate and latency, the system will undergo.

5.2 Future Work

Some of the possible future directions of this work are:

e To extend the design proposed in chapter 4, by exploring more advance
concepts of directional statistics in the light of quaternions and Clifford
variables that may further improve the network performance. As, the
design of STBCs for fixed number of antennas using quaternions and

Clifford variables is also a hot topic in research [39, 40].

e To analyze the behavior of these proposed randomized STBC designs

for different fading environments with and without shadowing.

e To design randomized STBC by considering random number of nodes

in each level.
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e To remove the fixed boundary constraint which will result in in-homogeneous

Markov chain for transmission modeling of a pure OLA network.
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