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Abstract

ALOHA is a random medium access control (MAC) protocol, designed
over 50 years ago. Due to its widespread applications in wireless Machine-
to-Machine (M2M) communications, and also deployment of recently devel-
oped ideas borrowed from coding theory, ALOHA has recently attracted lots
of attention. As a result, different versions of ALOHA that have significantly
improved the scheme throughput compared to the original ALOHA have been
recently created. This thesis focuses on two of the recent versions of ALOHA
protocol.

In the first part of our contributions in this thesis, we study the achievable
throughput region for a network consisting of more than 1 class of users with
different priority, and desire for throughput achievement. Considering framed
slotted ALOHA with irregular repetition and successive interference cancella-
tion (SIC), we find the best possible throughput region, and we also show how
to achieve this region. We achieve this throughput region by selectively turning
users of different groups on and off, based on their desired sets of throughputs.

In the second part of this thesis, we investigate several modifications on a
recently proposed ALOHA random access protocol, namely frameless slotted

ALOHA random access. Frameless slotted ALOHA random access protocol
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has been able to achieve the highest throughput among all the slotted ALOHA
schemes. In frameless slotted ALOHA each user independently accesses the
wireless medium and all users have the same probability of access. In this
work, we propose two adaptive access techniques that will help reduce the en-
ergy consumption of wireless communication networks of relatively small size
[25-200] without loss of throughput. The amount of reduction in the energy

consumption depends on the number of users in the network.

1l



To My Beloved Family

v



Acknowledgements

I would like to express my sincere, and deep appreciation, first, and fore-
most to my supervisor, Prof. Masoud Ardakani. This thesis would have not
been possible without his guidance, and persistent care. This work has been
supported by his valuable academic advises at critical moments, along with his
never-ending support, and encouragement. I feel very lucky to have the chance
to work under his supervision. For sure, this experience has not only improved
my professional academic skills, but also his great personality has changed my
personal attitude towards life.

I also wish to thank the members of my thesis committee, Prof. Chintha
Tellambura, and Prof. Majid Khabbazian for their valuable comments and
advice in improving this thesis.

I am also indebted to the postdoctoral fellow, Dr. Moslem Noori, with
whom I was very fortunate to have the most rewarding discussions.

Many thanks to my colleagues and friends at the 5th floor of ECERF build-
ing, and specially to my lab-mates for their help, and support in various aspects.

I am very thankful to my friends in Edmonton, without whom my life here
would have been far less pleasant. It has been a great experience for me to live
and work in such a friendly atmosphere with them.

I would also like to acknowledge Alberta Innovates-Technology Futures
(AITF) for providing financial support for the second year of my M.Sc. pro-
gram.

Finally, I would like to express my most heartfelt gratefulness to my family
for their everlasting love, patience, and support in all aspects of my life. I

believe that I would have not been able to make this accomplishment without



their support. This work along with every other step that I take in my life is
dedicated to them.

vi



Contents

2.2

1 Introduction 1
1.1 ALOHA, Since Inception Until Now . . . . . . . ... ... ... 2
1.2 Motivations . . . . . ... 5

1.2.1  Slotted ALOHA and Priority . . . ... ... ... ... 5
1.2.2  Slotted ALOHA and Energy Efficiency . . . .. ... .. 5
1.3 Summary of Contributions . . . . . . .. .. ... ... ... .. 6
1.3.1 Slotted ALOHA and Priority . . . ... ... .. ... .. 6
1.3.2  Slotted ALOHA and Energy Efficiency . . . ... .. .. 6
1.4 Organization of This Thesis . . . . . .. ... ... ... ... 7

2 Background 8

2.1 Analysis and Explanation of Different Versions of ALOHA . .. 8
2.1.1 Pure ALOHA . . . ... ... .. ... ... 8
2.1.2 Slotted ALOHA . . . . . . .. . ... ... ... ... 9
2.1.3 Framed Slotted ALOHA . . . ... .. ... ... .... 9
2.1.4  Successive Interference Cancellation (SIC) . . . ... .. 10

2.1.5  Framed Slotted ALOHA with Irregular Repetition, and

SIC . . . 11
2.1.6  Frameless Slotted ALOHA . . . . . ... ... ... ... 15
Literature Review . . . . . . .. .. ... oo 19
2.2.1 Random Access in Heterogeneous Networks . . . . . . . 20
2.2.2  Energy Efficiency and Random Access Strategies . . . . 21

Vil



3 Multi Class Framed Slotted ALOHA
3.1 System Model . . . . . . . ...
3.2 Framed Slotted ALOHA with No SIC . . . . . ... ... .. ..
3.3 Framed Slotted ALOHA with Regular Repetition and SIC
3.4  Framed Slotted ALOHA with Irregular Repetition and SIC . . .
3.4.1  Throughput Region . . ... ... ... ... . .....
3.4.2  Selective On/Off Approach . . . . . ... ... ... ...

3.5 Comparison . . . . . . . ...

4 Modified Frameless Slotted ALOHA
4.1 Original Frameless ALOHA . . . . ... ... ... ... ....
4.2 Adaptive Frameless ALOHA . . . . . ... ... ... ......
4.2.1 Adaptive Change with Constant Parameters . . . . . . .
4.2.2 Adaptive Change with Variable Parameters . . . . . ..
4.3 Simulation Results . . . .. .. ... o000
4.3.1 Original Frameless Slotted ALOHA . . . ... ... ...
4.3.2 Adaptive Change with Constant Parameters . . . . . . .
4.3.3 Adaptive Change with Variable Parameters . . . . . ..

4.4 Comparison . . . . . . . ...

5 Conclusion

5.1 Future Work . . . . . . . . .

viil

25
26
27
31

36
38
40

43
43
45
47
23
o7
39
29
61
62

63



List of Tables

4.1
4.2

4.3

4.4

4.5

5.1

Performance of the original frameless ALOHA. . . . . .. .. .. 59
Performance of adaptive frameless ALOHA with constant pa-

rameters (k,a,Pit). -« o o o o oo 60
Reduction in the average number of transmissions per time slot

when adaptive frameless ALOHA with constant parameters (k,a, Pyit)

is the random access scheme. . . . . . . . .. ... 60
Performance of adaptive frameless ALOHA with variable param-

eters (k(i,m), a(i,m),Pu), for 5=095. . . . .. ... ... .. 61
Reduction in the average number of transmissions per time slot

when adaptive frameless ALOHA with variable parameters (k(i, m),a (i, m), Pnit)

is the random access scheme. . . . . . . . . . . ... ... ... 61

Reduction in the average number of transmissions per time slot,
that translates to the amount of energy saving, when each of our

two proposed methods are applied. . . . . . .. ... ... ... 64

1X



List of Figures

2.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

4.1

Graph representation of SIC procedure. . . . . . . . .. ... ..

Framed slotted ALOHA with no SIC, with formula, N = 100,

Ny =Ny = % .............................
Framed slotted ALOHA with no SIC, with simulation, N = 100,
Nl = N2 - % .............................

Framed slotted ALOHA with no SIC, with formula, N = 100,
No= NN, =B
Framed slotted ALOHA with no SIC, with simulation, N = 100,
N, = %, Ny =38
Framed slotted ALOHA with repetition and SIC, accompanied
by the results for time sharing, for N = 100, Ny = Ny = % C
Framed slotted ALOHA with repetition and SIC, accompanied
by the results for time sharing, for N = 100, Ny = %, Ny = %. .
Throughput versus traffic load, when A(z) is applied for N = 100.
Achievable throughput region for N = 100, Ny = Ny = %
Achievable throughput region for N = 100, N; = %, Ny = %.
Comparing throughput regions of different framed slotted ALOHA
methods of transmission for N = 100, N; = Ny = % ......
Comparing throughput regions of different framed slotted ALOHA

methods of transmission for N = 100, N; = %, and Ny = %. .

Adaptive access strategy with constant parameters. . . . . . . .

32

41

42

48



4.2
4.3
4.4

5.1

Possible scenarios in the second, and third time slots . . . . . . 50
Possible scenarios in timeslot m . . . . . . . ... ... 0. 50
Adaptive access strategy with variable parameters. . . . . . . . 56

The best throughput region for a network with two classes of

users, N = 100 time slots in a frame, and N; = Ny = % R o

x1



List of Abbreviations

List of commonly used abbreviations

WSN Wireless Sensor Network
Machine-to-Machine M2M
CSMA Carrier Sense Multiple Access
CSMA/CD Carrier Sense Multiple Access with Collision Detection
CSMA/CA Carrier Sense Multiple Access with Collision Avoidance
MAC Medium Access Control
BS Base Station
SIC Successive Interference Cancellation
BP Belief Propagation
RFID Radio Frequency Identification
QoS Quality of Service
WBAN Wireless Body Area Network

xii



Chapter 1

Introduction

Many communication networks consist of a number of users intended to use
a shared medium. There are two types of medium access approach for the
users of such a network. In one approach, users share the medium in an or-
ganized predetermined way avoiding any kind of interference. In the other
approach, however, users share the medium in a random, and distributed man-
ner. In networks with random behavior, like wireless sensor networks (WSNs),
machine-to-machine (M2M) communications, mobile ad hoc networks, and so
many other wireless networks, random access is the primary method of medium
access[1-3]. ALOHA[4], carrier sense multiple access (CSMA), and its ver-
sions with collision detection, and collision avoidance, i.e. CSMA/CD, and
CSMA/CA [5, 6] are among different random medium access control (MAC)
protocols.

ALOHA as arandom MAC protocol has been designed in 1970 [4] to support
wireless data connectivity between Hawaiian Islands. ALOHA and its various
slotted versions have long been used as random distributed medium access
protocols for radio channels. They have been used in satellite networks and
cellular telephone networks for the sporadic transfer of data packets|7].

Recent widespread applications of wireless M2M communications together

with new ideas borrowed from modern coding theory that can significantly



improve the throughput of ALOHA has resulted in new interest in ALOHA
and its modifications.

In the following, all different versions of ALOHA random access since its
inception until recently are discussed. The main focus of this thesis is on the

recent improvements in ALOHA random access protocol.

1.1 ALOHA, Since Inception Until Now

The first version of ALOHA, designed in 1970, is also known as pure ALOHA.
This is a distributed random access in which each user transmits whenever
it has a packet for transmission. If the receiver receives the packet with no
interference, it sends an acknowledgment to the sender of that packet, otherwise
the transmitter does not receive an acknowledgment and has to resend its
packet after a random delay. There is no time slot considered in pure ALOHA,
and all the packets are of the same size. Since there is no central organization,
transmissions of different users may collide (overlap in time). Also, there can
be time periods over which nobody transmits. The achievable throughput,
defined as the average number of successful packet transmissions per packet
time, in this scheme is 2% packets per time slot, where e is the Neper number
approximately, 2.718 .

Attempting to reduce the number of collisions in pure ALOHA protocol,
slotted ALOHA random access was proposed in [8]. In slotted ALOHA the
shared access time is divided into slots of equal duration®, in which synchronized
users contend to transmit their data packets with equal probability. In this
protocol, users are only allowed to send their packets at the beginning of a
time slot. Therefore, if a user decides to have a transmission in the middle of
a time slot, it should wait until the beginning of the next time slot.

There are three cases that may happen in an arbitrary slot in slotted

!The duration of a slot is equal to the time needed for a packet to be transmitted.



ALOHA protocol: a) no transmission (idle slot), b) only one transmission
(singleton slot), ¢) more than one transmission (collision slot). The same as
pure ALOHA, in slotted ALOHA if the receiver or base station (BS) receives
a collision free packet in a singleton slot, the corresponding user receives an
acknowledgment. Otherwise, the corresponding participant users in that col-
lision will have retransmissions in some later time slots with a random delay.
This random access scheme doubles the achievable throughput of pure ALOHA
reaching a throughput of %

Framed slotted ALOHA [9] is a version of slotted ALOHA where the shared
access time is divided into frames, consisting of M time slots. Each user may
have a transmission in a frame with probability p, as the users probability of
access to the shared medium. Every user intended to have a transmission in
a frame, randomly and uniformly selects one of the time slots in the frame
to transmit its packet in that time slot. The same as the slotted ALOHA
scheme, only collision free slots, i.e. singleton slots are considered as successful

transmissions in a frame.

In an attempt to improve throughput in framed slotted ALOHA, the au-
thors in [10] proposed the idea of transmission of several replicas of the same
user message in a frame. This idea was further developed in [11] in 2007, by
introducing successive interference cancellation (SIC) technique which consider-
ably increased the throughput of framed slotted ALOHA. This paper proposes
regular repetition of users messages, meaning that all the users intended to
have transmissions transmit the same number of replicas of their messages in
a frame. Replication happens in a way that in the beginning of a frame, each
user that is about to transmit its message, chooses a specific number of time
slots randomly and uniformly from that frame and transmits its message in
those slots. Each replica of a user message has a pointer to other replicas of
that user. In framed slotted ALOHA with repetition, received packets by the

BS from different users in one time slot are summed up. Thus, if the BS has



resolved one message from a singleton time slot, by canceling that message
from the summations, it maybe able to resolve some other messages. In the

next chapter SIC resolution algorithm is discussed with details.

In 2011, the author of [12] has improved the idea of repeating messages
using an irregular repetition method. This means that the users repetition
of their messages should be based on a probability distribution function. For
example, users intended to transmit their messages in a frame, will have two
replicas with probability 0.5, three replicas with 0.25, and four replicas with
0.25 probability, rather than all transmitting the same number of replicas. By
doing optimization over this probability distribution function, Liva has been
able to considerably improve throughput of framed slotted ALOHA with SIC.

Next chapter presents details regarding this optimization framework.

Analogies between SIC in framed slotted ALOHA and iterative belief-propagation
(BP) decoding[13] of erasure-correcting codes was discovered in [12] as a break-
through in the area of coded random access. Using the theory and tools of
codes-on-graphs formed the foundation for coded slotted ALOHA. Using SIC in
framed slotted ALOHA random access, the authors of [14-17] have attempted
to find optimum distributions and coding patterns over the users data trans-
missions that lead to ultimate throughput of 1 packet per time slot when the
number of users N tends to infinity. Inspired by the concept of rateless coding
[18], frameless slotted ALOHA approach is introduced in [19], and elaborated
in [20], in 2013.

Our contribution in this thesis consists of two parts. The first part is based
on framed slotted ALOHA with irregular repetition, and SIC, while the second
part is based on frameless slotted ALOHA.



1.2 Motivations

In this thesis, we are going to attack two different problems based on the most
recent attempts on the throughput improvement of framed slotted ALOHA
with SIC, and frameless slotted ALOHA. This section motivates our contribu-

tions, and gives a summary of our contributions.

1.2.1 Slotted ALOHA and Priority

In the era of the Internet of things, random access will have many civil and
industrial applications. Moreover, in many cases, when different users share the
same medium, priority classes are defined. For example, in a sensor network,
some information may have priority over the others.

In the first part of this thesis, we consider the framed slotted ALOHA with
irregular repetition and SIC scheme, when users belong to different priority
classes. In this part, we find the best possible throughput region for different
classes of a network which are using the same channel. We also discuss how
to achieve any point of this region, by forcing special methods of transmission

over different classes.

1.2.2 Slotted ALOHA and Energy Efficiency

Slotted ALOHA has found its plethora of applications in different wireless
communication setups. These include new emerging technologies such as radio
frequency identification (RFID) networks, WSNs and M2M communication
networks. In most of these applications users use small size attached batteries
as their only source of energy and they seriously need to be designed with
energy optimization in mind.

Thus, our focus in the second part of this thesis is on the improvement of
energy efficiency in frameless slotted ALOHA scheme, as the slotted ALOHA
scheme with the highest throughput.



1.3 Summary of Contributions

1.3.1 Slotted ALOHA and Priority

Considering a network with N users of k different classes, transmitting their
messages in a frame with N time slots, we achieve the best throughput region,
and we also show how to achieve this region. We have obtained this throughput
region, by selectively making users of the different £ classes on and off in a way
that the total distribution of the N users remains the same as the optimized
distribution for irregular repetition of a network with a group of N users.

We have also presented the best achievable throughput region for the case
when framed slotted ALOHA without SIC is the random access protocol. We
have come up with this throughput region by performing optimizations over

the probability of access of different classes of users.

1.3.2 Slotted ALOHA and Energy Efficiency

In order to further increase the energy efficiency of frameless ALOHA protocol
without compromising its throughput, we suggest a modified frameless ALOHA
schemes. In our modified frameless slotted ALOHA, the access probability at
the users adaptively changes. More specifically, all users start with the same
access probability at the first time slot of each frame. However, each user
updates its current access probability based on whether it has transmitted in
the previous time slot or not. That is, if the user transmitted in the previous
time slot, it decreases its current access probability. On the other hand, if
the user did not make a transmission in the previous time slot, the access
probability increases. To achieve the best energy efficiency performance, we
jointly optimize the stopping criterion of the frameless ALOHA as well as the
step size that the users apply for increasing or decreasing the transmission

probability.



1.4 Organization of This Thesis

Chapters 2 gives the necessary background on all different ALOHA schemes
from the beginning until recently, which will be required to follow this thesis.
Chapter 3 focuses on our first problem. In this chapter, we introduce three
different methods of transmission in framed slotted ALOHA for a network of
k different classes to achieve the best throughput region. We present the best
possible throughput region that can be reached for these network setups, and
eventually, we compare the three proposed methods. Chapter 4 focuses on our
second problem. In this chapter, we define our proposed techniques and analysis
to improve the energy efficiency of frameless slotted ALOHA scheme. We
also present our simulation results and compare the original frameless slotted
ALOHA scheme with our adaptive transmission techniques in terms of energy

efficiency. Finally, Chapter 5 concludes the thesis.



Chapter 2

Background

In this chapter, we review the necessary background to follow this thesis. We
present throughput derivations for different ALOHA schemes, and we go over
details regarding some previous works that we are going to further develop in
this thesis. Furthermore, we review some of the existing work related to our

contributions.

2.1 Analysis and Explanation of Different Ver-
sions of ALOHA

2.1.1 Pure ALOHA

In order to calculate the throughput of this scheme, we assume that the users
in the network produce their data packets totally random in time. Hence the
number of packets in a given time period follows a Poisson distribution. We
denote the time that an arbitrary user starts its transmission by ¢, and the
time duration needed for a packet to be transmitted by L. Thus, if any other
user transmits between ¢ — L and ¢t + L a collision is caused. We consider L as
the unit of time, and G as the average traffic load per unit of time. In other

words, G is the rate of Poisson distribution. Throughput, T, as the probability



to receive a successful transmission per unit of time, would be calculated as:

T = Ge™%°, (2.1)

This is the product of traffic load per time unit G, and the probability of not
having any other transmission in a specific time unit. The maximum of this
equation happens when G = 0.5, which gives a small throughput as 2_1@7 or

approximately 0.18.

2.1.2 Slotted ALOHA

The same as pure ALOHA, in slotted ALOHA users packet generation is con-
sidered to have a Poisson distribution with rate G, as the traffic load. So

throughput of this scheme would be:

T=Ge ¢, (2.2)

which gives a maximum throughput, equal to % ~ (.37, when G = 1. Here,
the maximum throughput is double the amount obtained for pure ALOHA.
This is due to the fact that, in slotted ALOHA possible collisions are half of

the number of collisions that happen in pure ALOHA.

2.1.3 Framed Slotted ALOHA

Throughput of a network consisting of N users transmitting their data packets
with access probability p, in a frame consisting of M time slots, can be obtained

from the following equation:

T = M- (2.3)



M
The maximum of this equation happens at p = N for M < N,and at p=1
for M > N. Which gives, maximum throughput, 7,.., as:

1

(1-— N)N—l M<N
Trnaz = N(1— L>N—1 (2.4)
MM . M>N

As in most cases M < N, we can use the first equation in (2.4) for T),4,.
This is approximately equal to % for large N, meaning that in networks with a
large number of users, the framed slotted ALOHA protocol has approximately
the same performance as the slotted ALOHA scheme. The difference between
slotted ALOHA and framed slotted ALOHA is that in framed slotted ALOHA,
there is a synchronization among the users on the basis of a frame rather than
a time slot. At the start of a frame, users should decide where to have their
transmissions in a frame, and at the end of a frame, the BS sends feedback
to the users to inform them weather their transmissions have been successful,
or not. So, this way the number of feedbacks are reduced with respect to the

number of feedbacks when slotted ALOHA is the random access protocol.

2.1.4 Successive Interference Cancellation (SIC)

As discussed in the previous chapter, framed slotted ALOHA was further im-
proved by having users transmit more than one replica of their packets of data,
or messages. Using message repetition together with SIC at the BS consider-
ably improved the throughput. In this part we explain SIC with details.

SIC was initially applied to framed slotted ALOHA in [11]. SIC is able
to significantly improve the throughput performance by resolving some of the
collisions. The receiver first resolves the singletons received in a frame. Then,
by the aid of pointers contained in those singletons, their corresponding inter-

ferences in other slots are canceled. By doing such, some other singletons may

10



be discovered. So this process is iteratively repeated until either there is no
more singletons or all the users messages in that frame are resolved.

A toy example of execution of SIC is shown in Figure 2.1. In this exam-
ple, there are 4 time slots in the frame. In the graphical representation users
are on the left side of the graph and time slots are on the right side of the
graph. Each user is connected to the slots that has a transmission in them.
First singleton happens in the second time slot, sy, which leads to resolving
transmitted packet by u;. Now, the pointer in the received packet in sy helps
to cancel the interference of u; packet from s4, and this means that s, is now
a singleton. This consequently helps the resolution of us packet. Eventually,
by canceling the interference of uy packet, us packet can be resolved. In this

simple example, SIC algorithm increased throughput from }1 to %.

Figure 2.1: Graph representation of SIC procedure.

There are other performance metrics rather than throughput, for example
delay which is critical in some networks. SIC improves throughput performance

of networks, however, may worsen its delay performance.

2.1.5 Framed Slotted ALOHA with Irregular Repeti-
tion, and SIC

This protocol [12] is our primary framework to study the first problem in this
thesis, so we go over this random access protocol in details.

There are N users in a network, and there are N time slots in a frame.

Consider that out of this number of users only m users are allowed to transmit

11



their messages in a frame. So the traffic load, G, is defined as G = %;, which

is the number of messages to be transmitted per time slot!. The m number of

users who are about to transmit their messages, will have [, [ € {1,2,..., N}
N

replicas of their messages in a frame, with probability A; where Y~ A; = 1.
=1

So, the polynomial representation of the probability distribution function over
the number of repetition of users messages is defined as, A(x) £ évj Azt [12]
defines user degree and slot degree as the number of lines conneciﬁzeld to a slot
node, and user node in the graphical representation, respectively. So we can
also name A(z) as the user degree distribution in this setting. Polynomial
representation of slot degree distribution can be denoted as W¥(z), ¥(z) =
i U,x!, where ¥; denotes the probability that a slot has [ connections. So,
li?is obvious that user degree distribution is under the control of a system

designer, while slot degree distribution is not. Actually, ¥(z) can be derived

from A(z).

In the graphical representation, users and slots are considered as nodes, and
lines are considered as edges. Degree distributions can also be defined from an
edge perspective. If we define \; as the probability that an edge is connected
to a degree-l user node, and p; as the probability that an edge is connected to

a degree-l slot node, \;, and p; can be obtained from below equations:

i (2.5)

N )
SIA,
=1

v,
ST,
=1

PL= (2.6)

We can have their corresponding polynomial degree distributions as the follow-

1 As it is important to resolve each of the users messages, we do not count the repeated
messages, and we only count for the actual load.

12



ing:

N
Mz) £ Z)\lxl’1 = (2.7)
=1

p(x) = ;plxll = () (2.8)

Through tree analysis in [21], Liva has provided a recursive formula for the
probability of not being able to resolve an edge either connected to a user, or
a slot node in the graphical representation. He finds this recursive formula for
framed slotted ALOHA with SIC, user degree distribution A(z), and traffic
load G.

Let us denote the probability that an arbitrary edge connected to a user
node is unknown by ¢;. In a similar way, considering a slot node, p; denotes
the probability that an arbitrary edge connected to this node is unknown. The
evolution of the average erasure probabilities, during the i iteration, i.e., the
recursive formula for the probability of failure to resolve an edge is presented

below:

¢ = Api-1), (2.9)

pi=1—p(1—q). (2.10)

If we replace (2.10) in (2.9), it gives ¢; = A1 — p(1 — ¢;—1)). Now if we
iterate this equation starting with gy = 1 (as there are no revealed edges at the
beginning of the process.), after I iterations, we reach to an approximate value
for the probability of an arbitrary edge being unknown.

If we denote the probability of failure to recover an arbitrary edge connected

to an arbitrary user node, after [ iterations by p;, throughput after this [

13



iterations would be T; = G(1 — A(py)).

It is obvious from above recursive equations, that if we force the failure
probabilities of edge recovery, ¢, and p to decrease iteration by iteration, we
will be able to increase the achieved throughput after a certain number of
iterations. Liva has set a condition on ¢ to decrease it in each iteration, and
thus make the throughput 7' = G(1 — A(p)) as high as possible (we removed
the index I as we assume that a large enough number of iterations of SIC are
performed to resolve user messages). This condition leads to the inequality
q > M1 — p(1 —q)). This inequality ensures that after each iteration, the
failure probability decreases. Liva has provided an approximation for p(x)

—GA' (1)1

when m — oo as e ~%). So, the inequality converts to:

g > M1 — e 1YWY g e (0,1]. (2.11)

This yields a threshold for G, as G* up to which the probability of message
recovery failure, i.e, A(p) is negligible and thus 7" is equal to G. Optimization
gaol in Liva’s paper is to find a distribution over the number of repetitions, i.e.
A(z) that makes G* and thus 7" as high as possible. It is worth mentioning
that derivation of the recursive formulas comes from an asymptotic analysis
for large networks; however, simulation results for short frames confirms the
validity of this optimization criterion. Simulation result show that by setting
the maximum number of repetitions to 8, distribution A(z) = 0.5z + 0.2823 +
0.2228, will give G* = 0.938, asymptotically. If we set the maximum repetition
rate to higher values, the achieved G* would get closer to 1. However, to make it
easier to implement we will use the distribution, A(z) = 0.52% 4 0.282° 4 0.222®
to develop our studies in the first part of this thesis. In Chapter 3, we will find
the best throughput region for a network with non-homogeneous groups of

users, based on this distribution.

In the following, we present concepts regarding frameless slotted ALOHA

14



protocol, as the second part of this thesis focuses on frameless slotted ALOHA.

2.1.6 Frameless Slotted ALOHA

In a recent study [19], a new technique, called frameless ALOHA, has been
developed aiming at improving the network throughput. Unlike conventional
framed slotted ALOHA protocols and inspired by the concept of rateless cod-
ing [18], frameless ALOHA does not assign a fixed number of slots to each
frame. Instead, the authors define a stopping criterion based on the number of
resolved packets, and the instantaneous throughput at the destination. That
said, a frame ends when such a criterion is met regardless of the number of slots
in the frame. Using such a dynamic frame length and employing SIC at the
destination, frameless ALOHA increases the network throughput, and conse-
quently its energy efficiency significantly comparing to the previous versions of
ALOHA protocol. As discussed earlier, using SIC is motivated by BP decoding
of rateless codes. However, there are some differences between the underlying
ideas used in frameless slotted ALOHA and rateless coding. In the following,
we briefly elaborate these differences.

In rateless coding, transmitter sends encoded symbols continuously until it
receives a feedback from the BS indicating the successful resolution of the in-
tended message. While in rateless coding the receiver is aimed at decoding the
whole message that the transmitter is intended to transmit, it is impractical for
the frameless slotted ALOHA scheme to have such a stopping criterion which
translates to resolving the whole users messages. In frameless slotted ALOHA,
users transmit their messages continuously, until they receive a feedback from
the BS to stop. The set of time slots in which users are having their transmis-
sions is called a contention period. The BS decides to end a contention period
when a stopping condition is met. The major difference between frameless slot-
ted ALOHA and rateless coding is the distributed coding in frameless slotted

ALOHA rather than centralized coding in rateless coding.
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In the following, we present the system model for a network with frameless

slotted ALOHA.

2.1.6.1 System Model

Frameless slotted ALOHA is a version of slotted ALOHA, where the contention
period consists of time slots with equal lengths. The length of each time slot
is considered to be the same as the time needed for a user message to be
transmitted to the BS over the channel. The users are synchronized on the
basis of the start and end of the time slots. The BS indicates the start of a
contention period by sending a message to the users.

We assume that there are U users in a network always having packets ready
for transmission to the base station (BS). Out of this U users, N users have fine
channel conditions? sufficient for a packet transmission. We consider that the
network environment has a stable condition regarding fading and shadowing
during a contention period, so that all of the N users remain in the contending
group of users during a contention period.

In frameless ALOHA users transmit their messages with the same proba-
bility of access Pay, in all time slots. We denote the number of time slots in a
contention period by M. We assume that all the replicas of a user message in
a contention period, contain pointers to the other replicas in that contention
period, which is required for SIC execution.

Assume that user u; wants to send its message, named X;, to the BS in
a contention period. The BS received signal in time slot m of the contention

period, denoted as Y,,, can be modeled as®:

Y= s(i,m)X; 1<m< M, (2.12)

i=1

2In this thesis we consider that the BS knows N perfectly at the start of a contention
period.
3We ignore the noise and distortion that happens through transmissions over the channel.
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where s(i,m) is a parameter indicating whether a transmission is occurred by
user u; in time slot m or not, i.e. s(i,m) = 1 if transmission has occurred and

s(i,m) = 0 if it has not. Also,

pls(i,m)=1]=p(i,m) 1 <i< N, 1<m< M, (2.13)

where p(i,m) indicates the access probability of u; in time slot m. In this
frameless slotted ALOHA, which we refer to as original frameless scheme in
this thesis, probability of access is the same for all the users and in all the time
slots, and is equal to Py, as mentioned before. However, we will change this to
achieve our desired energy efficiency, which will be discussed later in Chapter

4.

After users messages are sent, each arbitrary time slot has one of the follow-
ing statuses: a) no transmission (idle slot), b) only one transmission (singleton
slot), ¢) more than one transmission (collision slot). Unlike framed slotted
ALOHA, the number of time slots in a contention period, M, is not a priori
determined in frameless ALOHA. Therefore, users continue their transmissions
until they receive a message from the BS notifying them about the end of the
frame. Through the ending message sent from the BS, users are also informed
whether their message has been resolved by the BS or not. The users whose
messages have not been resolved in a contention period, struggle to send their

message in the coming contention period.

As discussed in [20], by exploiting SIC at the BS to resolve some of the
collisions, and careful design of a stopping criterion, frameless ALOHA achieves
significant throughput improvement. In the following, we briefly review the

stopping criterion used in this protocol.

Before explaining the stopping criterion, we present some definitions needed

to be introduced in this regard.

The instantaneous throughput at time slot m, Tj(m) represents the ratio of
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the number of resolved users until a given time slot m, i.e. Ngr(m), over the

number of elapsed time slots:

Ti(m) = : (2.14)

So, at the end of a contention period the throughput, 7" is equal to T1(M) .
Also, we define the fraction of resolved users at time slot m, Fr(m), as
the ratio of the number of resolved users until that time slot, Ng(m), over the

number of contending users, N:

Fr(m) = NR]E;”). (2.15)

So, the fraction of resolved users at the end of a contention period, i.e. Fr =
Fr(M).
Next, we explain the stopping criterion at the BS, based on which the BS

decides to end a contention period.

2.1.6.2 Stopping criteria

Resolving the entire number of contending users messages in a single contention
period requires a long period, which leads to a low throughput. Based on
analytical and numerical evaluations, the authors in [20] have found thresholds
for the fraction of resolved users Fg and throughput 7', that leads to maximum
achievable throughput.

And-or-tree evaluations [21] of frameless slotted ALOHA in [19], shows
that 71(m) and Fg(m) both have an avalanche behavior versus the number of
elapsed time slots. This is due to the SIC resolution method where suddenly
a large number of users messages get resolved by adding a single equation?.

This avalanche behavior leads the instantaneous throughput and the fraction

4This is similar to what happens in iterative BP decoding [22].
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of resolved users to have a sudden jump from a low value to a much higher
value after a single time slot. The avalanche point gives the possible maximum
throughput.

In [20], it is shown that if we run the simulations for frameless slotted
ALOHA and observe the average behavior of T1(m) and Fgr(m), the avalanche
point interestingly happens at the same time slot for both. However, the exact
behavior of Fg(m) and Ti(m) are not the same. T7(m) faces local maximums,
while Fr(m) shows a more stable performance and increases monotonically
before the avalanche point.

Simulation analysis in [20], also shows that the instantaneous throughput
has a more complicated behavior. It is sometimes probable that the users
transmissions happen in a way that lead to an instant throughput, 77(m) = 1.
While on the other hand Fg(m) is still a small value. Thus, in order to achieve
the largest possible throughput in a contention period, the authors of [19]
have decided that the BS should terminate a contention period either when
the fraction of resolved users has reached the desired threshold, i.e.avalanche
point Fope, or when the instantaneous throughput has reached to 1. Both these
criteria leads to the maximum instantaneous throughput.

To ensure the maximum throughput, Fip is found through heuristic opti-
mizations for different values of N as discussed in [20].

In the following, we go over some of the recent works considering throughput
improvement for heterogeneous wireless networks, and also energy efficiency

improvement in random access strategies for wireless communication networks.

2.2 Literature Review

This section reviews some of the previous works regarding different random
access strategies that are applied in heterogeneous networks, and also consid-

eration of energy efficiency in different random access strategies.
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2.2.1 Random Access in Heterogeneous Networks

[23] has provided a saturation throughput analysis for slotted ALOHA protocols
used in Wireless Body Area Networks(WBANs). WBANSs are considered in
IEEE 802.15.6 standard, which provides a specific slotted ALOHA protocol for
heterogeneous networks with different user priorities. Saturation throughput
shows the maximum load that can be carried by the system in stable conditions.

[24] proposes a new medium access method derived from CSMA /CA accord-
ing to distributed strategy update mechanism to achieve the Nash equilibrium
of random access game. The authors of this paper provide a general framework
for modeling a large class of system wide QoS models via the specification of
per-node utility functions, in which system wide fairness or service differentia-
tion can be achieved in a distributed manner.

[25] considers a heterogeneous group of independent users sharing their
transmission channel via slotted ALOHA protocol. Each user selects a desired
throughput, depending on its required QoS and willingness to pay. Users par-
ticipate in a game where they adjust their probability of transmission to achieve
their desired throughput. This paper studies the possible equilibrium points
that may be reached by such a network.

[26] models the stability of a network with heterogeneous users in a slotted
ALOHA framework. It models the heterogeneous users by dividing the total
user population into groups of homogeneous users. The behavior of the system
is represented by state equations.

The most recent work in this regard is [27]. This work considers a network
with different importance classes who compete for a common channel. It pro-
vides a framework for the optimization of transmission strategies, and allowable
traffic loads of different classes of this kind of network. Transmission strategy
in this work is based on framed slotted ALOHA with SIC, and different classes
would have different distributions, over their number of replications of their

messages in a frame. In this paper, utility functions are non-decreasing func-
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tions of the number of resolved messages from different classes at the BS, and
different classes have different utility functions. The optimization goal is to find
the distribution functions, and also allowable traffic loads for different classes,
so that the overall utility function is maximized. The overall utility function
is a weighted summation of the utility functions of all the classes. In fact, this
paper is intended to find the best resource allocation to achieve the maximum
overall utility function. It is developed based on [12], which considers only one
class of users. [12] will be explained later in Section 2.1.5. Our third method
of transmission is also based on [12], but there are critical differences between

our scheme, and [27] which will be elaborated in Section 3.4.

Our work regarding random access in heterogeneous networks is different
from the previous works in several ways. We consider framed slotted ALOHA
protocol, and we find the best possible throughput region for a network having
several different classes of users. The number of users in each class is also

5

considered to be fixed in our scheme®. The differences between our work on

heterogeneous random access and existing results are elaborated in Chapter 3.

2.2.2 Energy Efficiency and Random Access Strategies

Energy efficiency of a system can be improved considering different aspects from
hardware battery and antenna design to communication and access strategy. In
this work, we consider slotted ALOHA access, and we improve its energy effi-
ciency by modifying the access strategy. As mentioned earlier, slotted ALOHA
has several real-life applications, for example, in M2M communications. In the
following, we review some of the works regarding energy efficiency in different
wireless communication networks. In the first section we review the general
works that have recently been done, not necessarily on slotted ALOHA ran-

dom access, and in the second section we focus on the recent works on energy

5The words group, and class are used in this chapter interchangeably.
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efficiency in slotted ALOHA random access protocols.

2.2.2.1 Works on Energy Efficiency of Access Strategies

In this section we explain some of the general works on the energy efficiency
of wireless communication networks from access layer point of view. As previ-
ously mentioned there are plenty of works on energy efficiency of WSNs, RFID
networks, and some other wireless networks where energy efficiency is a mat-
ter of concern. So, we review some of the works with respect to the energy
efficiency of these systems below.

WSNs have to sense the environment, process the data they have received,
and communicate that data with a base station. Energy efficient protocols
in each of theses tasks can have a dramatic impact on the lifetime of these
networks. As the scope of this thesis is mainly on the data communication
aspect of WSNs, we mention some of the works in this regard. Several efforts
have been made to improve the efficiency of access to the shared medium in
WSNs. Among them [28], and [29] have proposed a new MAC protocol that
helps the energy efficiency in WSNs.

In RFID networks, users access a shared medium to communicate their
information to a BS. Most of the works regarding energy efficiency in RFID
networks, are performed to find ways to do the information gathering and tag
identification process in a more efficient way. In this regard, [30], and [31] pro-
pose cardinality estimation methods for large scale and dynamic RFID systems
that help to prevent waste of time and energy in the process of tag identifica-
tion. [32] has introduced a cooperative, distributed reader collision avoidance
algorithm suitable for energy efficient wireless mobile network environments
cooperated with RFID. [33] has proposed an energy aware anti-collision proto-
col based binary search tree for RFID identifications. In [34] the authors have
attempted to design efficient polling protocols to collect real-time information

from a subset of tags in a large RFID system. [34] proposes an information
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collection protocol that is able to reduce per tag energy consumption signif-
icantly, however, at the cost of longer execution time. [35, 36] propose new
MAC layer collision-arbitration protocols suitable for dynamic and large-scale
RFID networks with power consumption.

There are some other wireless communication networks where energy effi-
ciency is of vital importance, for instance wireless body area Networks (WBANS)
need to be designed in an efficient way as in these kinds of devices battery size
is often small and specially if they are implanted in the body, it is rarely pos-
sible to change them. [37] evaluates the energy efficiency of proposed MAC
protocols for WBANS.

The following section particularly considers energy efficiency that is applied
to slotted ALOHA random access protocol in the context of wireless commu-

nication networks.

2.2.2.2 Works on Energy Efficiency Considering slotted ALOHA

Random Access

Energy efficiency in random access protocols is of particular interest, especially
in some wireless M2M communication contexts, for example “active” RFID
identification networks and WSNs.

RFID networks have recently found so many of their applications in our
everyday lives. The modern RFID ubiquitous sensing and identification re-
quires high throughput and at the same time low energy consumption. There
are several works on the energy efficiency of random access protocols in RFID
identification networks. As the main focus of this thesis is on the slotted
ALOHA random access scheme, in this section we introduce some of the works
regarding energy efficiency of RFID networks using slotted ALOHA protocol.

[38] has compared different RFID anti-collision pure and Slotted ALOHA
protocols based on their energy efficiency, and the same authors have studied

the energy issue for RFID networks with Framed slotted ALOHA based anti-
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collision protocols in [39]. [40] proposes a new tag identification approach, Tree
Slotted ALOHA, to reduce the number of transmission collisions, and thus
energy consumption. The authors in [41] have attempted to find an optimized
frame size for the non-muting version of the Basic Framed slotted ALOHA
collision resolution protocol in RFID networks, which brings energy efficiency
to the scheme.

In addition to the works on the energy efficiency of slotted ALOHA random
access in RFID networks, several works have developed techniques to improve
energy efficiency of slotted ALOHA random access in the context of WSNs with
an ad hoc fashion. Among them [42] shows that in slotted ALOHA protocol,
optimizing the users transmission probability helps to enhance the network
energy efficiency. In another attempt to improve the energy efficiency of slotted
ALOHA random access, [43] draws a comparison between energy efficiency
of the single-power-level slotted ALOHA scheme and the multiple-power-level
one, and shows that single-power-level slotted ALOHA results in both higher
throughput and higher energy efficiency.

As far as we know there is no recent attempt on the improvement of energy
efficiency in any version of the SIC enabled slotted ALOHA random access
protocols, especially frameless slotted ALOHA random access with the highest
throughput. In random systems with no previous plan for the tasks that should
be done, there is always a trade off between the concerned energy efficiency,
and the time needed for the tasks to be done. In this work, we consider op-
timization of both these factors to achieve the highest throughput reported in

the literature, while at the same time we try to reduce the energy consumption.
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Chapter 3

Multi Class Framed Slotted
ALOHA

Many wireless networks consist of groups of users with different priority, qual-
ity of service (QoS), or constraint on energy consumption. Different groups
may have different desired throughput goals, according to their QoS, power
consumption concerns, and many other factors. To give a practical example,
consider WBANs. In WBANS the group of sensors monitoring a patient’s heart
rate play a more critical role in showing the vital signals than the group of sen-
sors presenting the blood sugar level, so the first group of sensors need to have
a higher throughput. As another practical example, we can consider a group
of satellites in the space, which are different in terms of their priority to have
access to a shared medium. In this part of this thesis, we discuss transmission
policies that help different groups achieve their throughput goals.

In Section 2.2.1, we explained some previous works regarding non-homogeneous
networks in the literature. In the following, we briefly review a work closely
related to our contributions.

The authors of [27] consider a network with different priority classes com-
peting for a common medium. They provide a framework for the optimization

of transmission strategies, and also allowable traffic loads of different classes
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in such a network. Transmission strategy in this work is based on framed
slotted ALOHA with SIC, and different classes will have different distribution
functions over the repetition of their messages in a frame. In this paper, util-
ity functions are non-decreasing functions of the number of resolved messages
from different classes at the BS, where each class has a different utility function.
The optimization goal is to find distribution functions, and also suitable traffic
loads for different classes, so that the overall utility function is maximized. The
overall utility function is a weighted summation of the utility functions of all
classes. In fact, [27] is intended to find the best resource allocation to achieve
the maximum overall utility function. It is developed based on [12], which con-
siders only one class of users. [12] is previously explained in Section 2.1.5 in
details. It is briefly reviewed in Section 3.4 of this chapter, as our third method
of transmission is also based on [12]. There are critical differences between our

scheme, and [27] which will be elaborated in Section 3.5.

3.1 System Model

In this section, first we define our framework, and then we explain our three
proposed methods of transmission.

We assume a network consisting of N users, in k classes with different
priorities. We denote the set of classes by {C, Cs, ..., Ci}, where C,, denotes
the n'” class. Class C,, has N, number of users, and Ny + Ny + ... + N, = N.
We also assume N time slots in a frame. In all our methods of transmission, we
consider framed slotted ALOHA as the random access protocol. We examine
two different versions of framed slotted ALOHA protocol: (i) without SIC
which is discussed in Section 3.2, (ii) and SIC enabled discussed in Sections
3.3, and 3.4.2.

The number of resolved users from each of the classes of users at the BS

divided by the number of time slots in a frame is defined as the throughput of
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that class of users. If we denote the number of resolved users from an arbitrary
class, C,, as R,, the corresponding throughput of this class will be denoted by
T,, and it is T}, = %. We define (T4, T5, ..., Ty) a throughput k-tuple, meaning
that Class 1 has throughput 77, Class 2 has throughput 75, and so on. A
throughput k-tuple is called achievable if there exists a transmission strategy
that achieves the throughput k-tuple. The set of all achievable throughput k-
tuples forms a throughput region, where all points in the region correspond to
achievable throughput k-tuples. Basically, throughput region is a region made
by throughput axes of different classes and a boundary condition forced by the
method of transmission. This region is an area in the case of a network with
two classes, and a volume in the case of a network with three classes, and its
dimension goes higher as the number of classes increase.

In the following sections, we explain each of the three framed slotted ALOHA
transmission protocols that we have examined. In each section, we bring the
simulation results, and also the related analysis. Finally, we compare all meth-

ods.

3.2 Framed Slotted ALOHA with No SIC

We have explained the framed slotted ALOHA in Chapters 1, and 2 of this
thesis. Here, we want to expand that idea to a network with k classes of users,
who are contending to transmit their data in the slots of a frame. As mentioned
before, there are N time slots in a frame, and N, users in an arbitrary class
C,, where N1 + Ns... + N, = N. In a specific frame, each of the users from
C, has a message to transmit with probability p,. Exactly the same as the
framed slotted ALOHA with one group of users, in this scheme the BS is only
able to resolve messages that has been received in singleton slots. As mentioned

before, we denote the number of resolved users from C), by R,,. Thus, we define

— Ry

throughput for Cy, i.e., T,,, as T, = 3*.
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Formula for the throughput of an arbitrary class C),, when this kind of
transmission policy is applied to a network with £ classes of users is intuitive

to derive, as presented in the following equation:

Pn Prny(N, -1 Pji\N;
T, =N,2(1-2)®0 ] — ) 1
" "N( N) , . ( N) (3.1)
JE{L,....k}j#n

We now find the best throughput region for this setup. To do this, one
can fix £k — 1 entry of the throughput k-tuple, and maximize the one remaining
entry. This can be repeated for all points of the k-dimensional space to find
the throughput region. So, we can define our optimization problem as the

following;:

Vie{l,.., k}

max T (3.2)
{p1spr}
s.t. Ty >a; >0, Vj#i

In the above equation, x;, Vj # i indicates the required limitation that will
be forced on other users than the specific user u;. By sweeping over all the
possible values for z;, Vj # ¢, and finding the maximum 7; we are able to find
the best throughput region. However, as this approach seems impractical, we
can find this throughput region by performing a grid search over all the access
probabilities, i.e., {p1,...,pr} and finding the throughput boundary that is

created by them when the above mentioned method of access is applied.

For £k = 2, and N = 100, for two cases when N; = N, = %, and also
when N; = %, and Ny = % we have performed this grid search based on our
analysis presented in (3.1). To verify our analysis, we have also repeated the
optimization using computer simulation instead of (3.1). For this, we run the
simulations 1000 times, and we have presented the average throughput region.

The grid search in all of the optimizations is done over p;,p; € [0,1] with

step size of 0.02. The following figures show this optimization by using the
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formula, and simulation for N = 100, and N; = Ny = N/2, and also N; = %,

and N, = 3¥ respectively. As it can be observed the result of optimizations

4

based on the formula exactly matches the result of optimization based on the

simulation of the scheme.
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Figure 3.1: Framed slotted ALOHA with no SIC, with formula, N = 100,
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Figure 3.2: Framed slotted ALOHA with no SIC, with simulation, N = 100,
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Figure 3.3: Framed slotted ALOHA with no SIC, with formula, N = 100,
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Figure 3.4: Framed slotted ALOHA with no SIC, with simulation, N = 100,
Ny = XN, = 8

In the following sections, we will test schemes in which users of different

classes send more than one replica of their messages in a frame. In order to
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resolve collisions and increase throughputs corresponding to each of the classes,

we consider that the BS uses SIC.

3.3 Framed Slotted ALOHA with Regular Rep-
etition and SIC

In this section, we introduce another method of transmission in framed slotted
ALOHA for a setup with NV users in k different classes, having their transmis-
sions in a frame with N time slots. We consider that each of the users from a
specific class, C),, transmits its message in a specific frame with probability p,,
and if it is intended to have a transmission in that frame, it transmits [,, < N
replicas of its message in [, randomly and uniformly chosen time slots of the
frame. Due to the fact that all the users in the same class transmit the same
number of replicas of their messages in a frame, this method is also referred to
as regular repetitions, we will see the irregular repetition method in the next
section.

We consider that this scheme is SIC enabled, meaning that the BS utilizes
collisions to recover messages. In SIC, when the BS has received all the trans-
missions in the time slots of a frame, it tries to find time slots with only one
transmission in them, i.e., singleton slots. Then the BS tries to cancel the
interference caused by these recovered messages from all the time slots of the
frame. This interference cancellation leads to some other singletons. The BS
can repeat the procedure until either there is no more singleton, or all the users
messages are recovered.

Our goal is to find the best throughput region for different classes of users
in a network where regular repetition with SIC is applied in all the classes.

An easy solution that comes to mind for this setup is that for each indi-
vidual class, C,, we find the best set of [,,, and p,, that leads to the maximum

throughput T},,1ax when that class is the only group whose users are transmit-
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ting in the frames, and then using time sharing we assign different percentages
of time to different classes in a way that we reach to our desired set of k-tuples
of throughputs over all the classes. For example, if we let 2,% of all available
time slots to the users in class C),, where these users transmit with their op-
timum values for p,,, and [,, then they would reach to x,% of their maximum

throughput when they were alone, i.e., t, = +=T,,\iax- The achievable through-

Zn_
100

put boundary using time sharing would have k-tuple points (t1, ta,. .., %), such

that —4— + ... + —~— = 1. However, we will show that optimization over
Tivax Timax

pi, and [; outperforms time sharing. That is, by performing a grid search over

{p1,...,px} in the range [0, 1], and {ly,...,lx} all in range 1 to lyay, and find-

ing the largest boundary, we can achieve a larger throughput region than the

one achieved by time sharing. We have presented the results corresponding to

time sharing and also optimization via search for two setups, when k = 2, and

N =100: (i)N; = N = &, and (ii) Ny = &, and N, = 2 in the following two

figures, respectively.
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Figure 3.5: Framed slotted ALOHA with repetition and SIC, accompanied by
the results for time sharing, for N = 100, Ny = Ny = %

For both the time sharing approach and the search approach, we do the
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optimizations over the variables of the schemes, i.e., p1,ps, 11, and ls. To this
end, we searched py, ps € [0, 1] with step size 0.02, and 1,1y € {1,2,3}'. All the
simulations are performed 1000 times, and we present the average throughput

of each of the classes as the result.
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Figure 3.6: Framed slotted ALOHA with repetition and SIC, accompanied by
the results for time sharing, for N = 100, N; = %, Ny = %.

The achievable region for framed slotted ALOHA with repetition can be an-
alytically derived. However, we delay this discussion to the next section, where
we consider a more general transmission protocol, i.e., irregular repetition, for

which we find the achievable region analytically.

LOur search on these values for the number of repetitions is due to the fact that we did
not observe further improvement by increasing the number of repetitions even in a setup
with 1 class of networks, C, and N; < N users.
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3.4 Framed Slotted ALOHA with Irregular Rep-
etition and SIC

In this section, we introduce our last and best method of transmission for N
users in k different classes transmitting their messages in N time slots. In
this method the same as the previous method, we consider that users who are
intended to have transmissions in a frame, transmit their messages replicas
more than once randomly in the frame, and SIC is also applied. However,
contrary to the previous method, we introduce special sets of distributions
over the number of replicas of messages sent by users of different classes. As
the number of replicas of messages transmitted by all the users of the same class
are not the same in this method, it is referred to as irregular repetition with
SIC. Similar to the two previous sections, i.e., framed slotted ALOHA without
SIC, and framed slotted ALOHA with regular repetition and SIC, here we want
to find the best sets of distributions that lead to the largest possible throughput
region.

Our work in this section is based on [12]. As discussed in 2.1.5, [12] has
worked on framed slotted ALOHA with irregular repetition, and SIC in the
context of one class of users. It considers that there are NV users in a network,
and N time slots in a frame. Also, it assumes that out of this number of
users only m users are allowed to transmit their messages in a frame. So,
the traffic load is G = %. The m users who are about to transmit their
messages will have a distribution for their number of replicas to be sent in a
frame. The polynomial representation of this probability distribution function
is defined as, A(z) = % Ayx!, where A; indicates the probability that a user has
[ replicas of its messalg:e1 in a frame. In this paper, Liva has shown that for each
distribution assigned on the m transmitting users, there is a threshold for GG, as
G* up to which the probability of failure in message recovery is negligible, and

thus the best throughput is equal to G*. Liva has provided a framework for
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optimization of the irregular repetition, A(x), in order to reach to a maximum
threshold for G, i.e., G*. Simulation results show that by setting the maximum
number of repetitions to 8, distribution A(z) = 0.52%+0.2823+0.222%, will give
G* = 0.938, asymptotically when N tends to infinity. In the following, we will
use distribution A(z) = 0.522 +0.2823 + 0.222° to develop our third method of
transmission. If we examine this distribution in an actual scheme with not a
very large N, we can find the actual G*, and its corresponding 7™ by observing
the throughput versus load plot for that specific N. In the remainder of this
chapter, G* and T™ indicate the actual threshold for the traffic load, and its
corresponding throughput. An example of the plot of throughput versus traffic
load for N = 100 is shown in the following figure. For N = 100, G* = 0.74,
and T = 0.68.
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Figure 3.7: Throughput versus traffic load, when A(z) is applied for N = 100.

In the following, first we find the best achievable throughput region, and

then we explain how to achieve this region.
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3.4.1 Throughput Region

In a network with total N users in £ classes, where irregular repetition in N
time slots accompanied by SIC is applied, the highest throughput achieved by
an arbitrary class of users, C,,, would be T}, = min{%,T *}. The reason for
this value as the highest throughput for a specific class, C,, is that there are
two possible cases that may happen. Case 1: N, < T*N, where successful
transmission of all users in this class is possible by activating all the users
from C,,, and also probably some users from other classes, up to the point
that G*N users are only active. So, in this case we will have T, = % Case
2: N, > T*N, where T,, = T* is achievable, if we turn all the users from
other classes and also some of the users from C), off, in order to satisfy the
condition that at most G*N users should be active. This way T*N users from
C,, will be successfully resolved, or T,, = T*. This T, = min{%, T*} indicates
a point on the T, axis, when all the users from other classes are off. So, the
boundary 7,, = min{ %, T*}, can be obtained when all the users from class
Ch, plus between 0 to G*N — N,, users from other classes are actively having
transmissions. Furthermore, we know that by applying the best distribution
the highest total throughput that can be achieved by the whole % classes of
users is 1™, which means that 177 + 15 + ... + T = T™ is the boundary of the
best throughput region. We know that this boundary is obtained when G*
users are active in the network. So, this throughput region consists of £ + 1

boundaries, i.e.,

T; = min{ %, 7"} for 1 <i <k
T+ T+ ...+ T, =T".
In this region, for 1 < i < k, the boundaries T; = min{%,T*} are easy to

reach, as discussed above. So, the primary boundary to discuss how to reach is

Ty + T+ ...+ T = T*. In fact Achieving the boundaries is equal to achieving
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the whole region. This is due to the fact that the inner area contains points
of k-tuple throughputs for the £ classes, which have at least one class with
a lower throughput than the points on the boundary. Thus, the inner area
is easily achievable by having some users from the specific classes with lower

throughputs than the boundary points not to transmit.

We have presented the throughput region for N = 100, k& = 2, when (i)
Ny =N, =% and (ii) Ny = &, Ny = 28 in Figures 3.8, and 3.9, respectively.
For case (i), this throughput region consists of three lines, 77 = 0.5, T = 0.5,
and 77 + 1> = 0.68, and for (ii), it consists of T} = 0.25, T, = 0.68, and
T, + T, = 0.68.

Achievable Throughput Region

06

Figure 3.8: Achievable throughput region for N = 100, Ny = Ny = %

The boundary Ty + 15+ ...+ T} = T* is achievable by selectively making the
users of different classes on and off. The details are explained in the following

section.
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3.4.2 Selective On/Off Approach

As mentioned before, for 1 < i < k the T; = min{%,T*} boundaries in the
throughput region are easy to reach, so our goal in this section is to explain our
proposed method to achieve the Ty +T5 + ... + T = T* boundary. We want to
find the set of distributions that should be assigned to the k different classes
of users so that this primary boundary is achieved.

As discussed before, from [12], we have the best distribution A(z) over the
users replicas, and also its corresponding G*, and T™. With k classes of users,
initially it seems that one need to optimize £ different degree distributions one
for each class to achieve the boundary of the throughput region. As we discuss
below, a much easier solution can be formed. To see how, notice that when k
classes of users transmit with degree distributions A;(z) to Ax(z) respectively,

from the time slot point of view, the situation is the same as when all users

38



transmit with the weighted average of these degree distributions. The overall

distribution would be zk: %M =1—G*+ G*A(z), which means to have G*N
active users with diStI‘ilglitiOIl A(z) that leads to the overall throughput 7. Now
since decoding success is entirely affected by the weight distribution on time
slots, one can argue that instead of optimizing each A;(x), one need to only care
about A(z). Also, finding the A(x) which results in the maximum throughput
is a solved problem [12]. For this, we need to keep (1 — G*) portion of users

silence and use the suggested degree distribution, A(x) = 0.52%+0.282%+0.222°

for the rest of users.

The conclusion of the above discussion is that if we want to achieve different
points of the boundary Ty + 15 + ... + T, = T*, we can simply use degree
distributions in the general form A, (z) = (1 —a,)+a,A(z), where «,, indicates
the portion of users in class C,, that are transmitting. This way, we ensure that
the average degree distribution is the optimal A(z), and with proper choice of
o, for all the k classes, we achieve different points of the boundary T} + T5 +
e+ Ty =T,

Now, we tend to the problem of finding «, for a given throughput k-tuple on
the boundary. First notice that there should be a constraint on {ay, as, ..., ag},
so that the total active users in the network would be equal to G* N, which is
i N;a; = G*N. This constraint is to only allow G*N users from the total N
ilzslers in the network to have transmissions. We know that when N,«,, users

from C), are active to have transmissions, the corresponding throughput to this

NpanT*
G*N 7

class T,,, would be equal to which considering the above mentioned

constraint would lead to the overall throughput boundary,

k
Y T=T" (3.3)
i=1

Having this throughput boundary, T + 15+ ... + T}, = T™, it is easy to come up

with distributions that should be assigned to each of the classes to achieve a
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specific point on it. For instance, to achieve the throughput k-tuple (77, ..., 7}),

G*NT!

for 1 <i < k, one should set «; = T

tion A;(z) = (1 — ay) + (au)A(z).

and find the corresponding distribu-

From «; = GTW, and G* < 1, it is obvious that all {aq, ..., oy} are strictly
less than 1. This has been expected, since they indicate the portion of active
users from each of the classes to have transmissions. So, we have shown that
our proposed method of access is able to give all the k-tuples on the T7 + T5 +
... + Ty, = T™* boundary. Also, our simulations, show that the result of using

Ai(x) = (1 — o) + () A(z) as the distributions over the repetitions in each of

k
the k classes of user, with the condition )  N;a; = G*N, exactly matches our
i=1

k
expectations to reach the Y T; = T* throughput boundary.
i=1

3.5 Comparison

In this section, we compare throughput regions of all our proposed methods
of transmissions in this chapter. Results for a network with N = 100, k = 2,
considering two cases of: (i) Ny = Ny = &, and (i) Ny = &, N, = 23
are presented, in Figures 3.10, and 3.11, respectively. These figures show the
corresponding results to different versions of framed slotted ALOHA, i.e., with
no SIC, with time sharing and SIC, with regular repetition and SIC, and finally,
with irregular repetitions and SIC.

As we expected, the best throughput region is shaped by the framed slotted
ALOHA method with irregular repetitions and SIC. It can easily be conceived
from the figures, that methods accompanied by SIC resolution algorithm are
far better than methods that are not. This is basically because SIC helps to
resolve collisions, and this way throughputs are enhanced. Also, we can see
how the regular repetition, and also irregular repetition have improved the
throughput region in comparison to time sharing as an easy solution, while all

are using SIC.
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Figure 3.10: Comparing throughput regions of different framed slotted ALOHA
methods of transmission for N = 100, N; = N, = %

Comparing regular and irregular repetitions, we conceive that there is not
very much difference in the performances of regular repetition, presented in
purple stars, and irregular repetition, presented in red solid lines. Irregular
repetition provides a major improvement over the regular repetition in the
process of calculating the distributions that should be assigned to different
classes. This is because of the fact that if we want to reach to a point of the
throughput boundary, calculation of its corresponding distributions over differ-
ent classes are so easy to derive. On the other hand, reaching to a point of the
throughput boundary from the framed slotted ALOHA with regular repetition
needs optimizing different classes probabilities, and also number of repetitions.
To compare the regular and irregular repetition methods from energy consump-
tion point of view, we should notice that in the irregular repetition method, for

the whole throughput boundary the average energy consumption of the whole
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users in the network is constant and equal to 2.6642, while the average energy
consumption in the regular repetition method, is different for different points
of the resulting boundary. This is a major issue regarding stability of networks
in the context of energy, when switching from one pair of throughputs on the

boundary to another pair.

Framed-A, () A, {xp3IC H

+  Framed-Repetition-3IC
———Framed-Time Sharing-3IC
Framed-Mo SIC

Figure 3.11: Comparing throughput regions of different framed slotted ALOHA
methods of transmission for N = 100, N; = %, and Ny = %.

Regarding time sharing with SIC, we should say that it does not give a
great result, comparing to regular and irregular repetition methods. Time
sharing also needs a central coordinator to manage different classes to have
their transmission in a desired order, while neither the regular, nor the irregular
repetition method needs such a central coordination between different classes,

and users of each class perform their transmissions locally.

2This comes from the overall distribution, and the overall traffic load threshold, which
are A(z), and G*.
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Chapter 4

Modified Frameless Slotted
ALOHA

This chapter presents our contributions, and analysis regarding energy effi-
ciency in frameless slotted ALOHA access protocol. Our work is based on the
original frameless ALOHA [20], introduced in Section 2.1.6 of Background.

In the first section of this chapter, we briefly review the necessary concepts
from the original frameless ALOHA scheme, and in the second section we ex-
plain our two proposed access strategies that help reduce the network energy
consumption, while maintaining the same throughput as the original frameless
ALOHA. Finally, Section 4.3 presents the simulation results of our different

access strategies.

4.1 Original Frameless ALOHA

Aiming at improving the network throughput, in Frameless ALOHA there is
not a fixed number of slots in each frame, instead there is a stopping criterion
based on the number of resolved messages, and the instantaneous throughput
at the BS. The set of time slots in which users are having their transmis-

sions is called a contention period. The BS decides to end a contention period
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by sending a feedback to the user, when a stopping condition is met. Using
a dynamic frame length accompanied by the deployment of SIC at the BS,
frameless ALOHA increases the network throughput considerably comparing

to the previous versions of ALOHA protocol.

In frameless ALOHA, users are synchronized on the basis of the start and
end of a time slots. A contention period consists of equal length time slots. In
this original frameless ALOHA, all users transmit their messages with the same
probability of access Pay, in all time slots. In this chapter, we present our pro-
posed methods of access in which users access probabilities change adaptively.
We assume that there are N users with fine channel conditions to transmit
their messages, all of which remain in the contending group of users during
a contention period. We denote the number of time slots in a contention pe-
riod by M, which is not a fixed number. We assume BS uses SIC to resolve

collisions, when possible.

In the following, we review the stopping criterion used in this protocol,
which is the same as the stopping criterion used for our adaptive proposed
schemes. Before explaining the stopping criterion, we define the necessary

parameters in this regard.

Ti(m) as the instantaneous throughput at time slot m, represents the ratio
of the number of resolved users until a given time slot m, i.e., Ng(m), over the

number of elapsed time slots:

So, throughput at the end of a contention period, T" is equal to T1(M).

Also, Fr(m) as the fraction of resolved users at time slot m is the ratio of
the number of resolved users until that time slot, Ng(m), over the number of

contending users, V:
Ngr(m
Fr(m) = R](V ), (4.2)
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So, the fraction of resolved users at the end of a contention period, Fy is equal
to Fr(M).

Analysis on frameless ALOHA, shows that T1(m) and Fr(m) both have an
avalanche behavior versus the number of elapsed time slots [20]. The avalanche
point gives the possible maximum throughput. Also simulation analysis, shows
that the instantaneous throughput has a more complicated behavior. It is
sometimes probable that the users transmissions happen in a way that lead
to an instant throughput, 77(m) = 1. While on the other hand Fg(m) is
still a small value. Thus, in order to achieve the largest possible throughput
in a contention period, the BS should terminate a contention period either
when the fraction of resolved users has reached the desired threshold, i.e.,
avalanche point Iy, or when the instantaneous throughput has reached to 1
[20]. Both these criteria lead to the maximum instantaneous throughput. To
ensure the maximum throughput, Fyp is found through heuristic optimizations
for different values of N. In original frameless ALOHA the optimization goal
is to find the available parameters pay, and Fyr that lead to the maximum
throughput. The numerical results corresponding to this scheme is presented
in Section 4.3.1. The stopping criteria for our proposed versions of frameless
ALOHA are the same as the original frameless ALOHA.

In the following section, we go over our two proposed versions of frameless

slotted ALOHA.

4.2 Adaptive Frameless ALOHA

The main contribution of this chapter, i.e., suggesting modified frameless ALOHA
schemes that improve the energy efficiency of the original scheme, is elaborated
in this section. The highest yet achieved throughput for slotted ALOHA ran-
dom access in the literature, i.e., in [20], is through the access strategy elab-

orated in Section 2.1.6, and reviewed in the above section where all the users
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have the same access probability Py during the whole period of transmission.
In this section our aim is to maintain the same throughput as [20], but re-
duce the average number of transmissions per slot, which translates to a lower
energy consumption per slot. We bring this by carefully designing the access

probability at the users.

We propose two access strategies, where users access probabilities change
over the time slots adaptively. We will present the two access strategies accom-
panying their related analysis in the two following subsections. Further, their
related simulation results come in Section 4.3. The results show that both our
proposed schemes help reduce the average number of transmissions per slot for

the small and medium sized network of users, i.e., 25 < N < 200.

The same as Chapter 2, we denote the access probability of user u; at time
slot m by p(i,m). In both our proposed schemes, at the start of a contention
period the BS sends the users a message indicating the start of a contention

period, as well as their initial access probability pi.i. Thus,

p(i,1) = pinit, 1 <@ < N. (4.3)

All the users will be assigned the same initial access probability, based on the
BS’s estimation of the number of contending users N in a contention period.
This initial access probability is found through optimizations elaborated later,

in this chapter.

As the users progress in transmission through the slots of a contention
period, p(i,m) changes adaptively by user u;. If the user had a transmission
in the current time slot, it reduces its access probability for the next time slot.
Also, if the user did not have a transmission in the current time slot, it increases
its access probability for the next time slot. The intuition behind this approach
is to increase the chance of successful transmission for the users that have not

transmitted before the current time slot by reducing the chance of collision
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from the users that already have transmitted. Note that for this to happen,
the increase step should be smaller than the decrease step. This is to avoid
lots of users having high access probabilities, and thus to lower the number of
collisions.

The difference between our two proposed access strategies is in the decreas-
ing and increasing steps. In the first adaptive strategy the steps are constant
over the time slots, but in the second one the steps change adaptively too. We

explain this in more details in the following.

4.2.1 Adaptive Change with Constant Parameters

In this scheme, for simplicity, we assume that the increase and decrease steps
at all the users and in all the time slots are a and ak, respectively, where k is
a positive integer. That said, the access probability of the users is updated as

follows:

plim 1) = p(i,m) —ak, if s(i,m) =1, (4.4)
p(i,m) +a, if s(i,m)=0.

In (4.4), s(i,m) is a parameter indicating whether a transmission is occurred
by user u; in time slot m or not, i.e., s(i,m) = 1 if transmission has occurred,
and s(i,m) = 0 if it has not. Both a and k are included in the message sent
by the BS at the start of a contention period. Suitable choices for «, and k
are also matters of optimization and are later discussed. In all the time slots,
each user ensures that p(i,m + 1) is in [0,1], by mapping negative numbers to
0, and any number larger than 1 to 1.

The whole access strategy is presented in Figure 4.1. As mentioned in
the previous section, the stopping criteria in our adaptive version of frameless
ALOHA is the same as the original frameless scheme, meaning that the BS

stops a contention period either if the fraction of resolved users reaches a desired
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threshold, Fi, or if the instantaneous throughput has reached to 1. F is

also a parameter of optimization which will be discussed.

Initializing users
with the values of
N,a, k,m =1,
and p(i,m) = Pinit

p(i,m+1) = p(i,m) + «
if p(é,m + 1) > 1 then,
p(i,m +1) = 1
m = m+ 1

Will u; have a
trasmission in
time slot m?

p(i,m + 1) = p(i,m) — ok,
if p(i,m + 1) < 0 then,
pli,m +1) = 0
m = m+ 1

Does u; receive
a new mesage
from the BS?

Figure 4.1: Adaptive access strategy with constant parameters.
Now, we want to define our optimization setup, consisting of our goal and
constraints. We have done our optimizations to find py.i, o, k, and Fg in a way
that while we have obtained a large enough required throughput 7}eq, we have

minimized the average energy consumption of the network. A good index of the
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average energy consumption can be the average number of users transmissions
per time slot. We denote the number of received messages by the BS in a given
time slot, m, of the contention period, or the slot degree by d(s,,). So, it can
be obtained from the following equation:

N

d(sm) = Zs(i,m), 1<m< M. (4.5)

i=1
Denoting the average number of transmissions per time slot of a contention

period with [d(s,,)]ar, we have

S d(s)

[d(sm)]M =m=

= (4.6)

So, the optimization problem for our first adaptive approach can be dis-

played as the following:

ot (10 (4.7)

S.t. T > Tieq-
The optimum outputs of this optimization are qopt, Kopt, Pinitopt, and Fopg. We
have presented our optimization details, and results regarding this method of
access in Section 4.3 of this chapter.

In the following, we will present an expression for the average probability
of access of an arbitrary user in an arbitrary time slot of this scheme.

At first, we will consider that the only stopping criteria is Fg > Fi, and
we ignore that 71 = 1 can also terminate the contention period. Later, we will
consider this criterion as well.

Let us first focus on transition from the first to the second time slot. As
shown in Figure 4.2, when a user starts to access the channel in the first time
slot, shown as the left single circle, its access probability is pi,i, and based on

whether this user will have a transmission or not its access probability in the
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Figure 4.2: Possible scenarios in the second, and third time slots

Figure 4.3: Possible scenarios in time slot m

second time slot would change to either pin;; — ak, or piic + @, respectively, and
as the transmission happens with the probability pi.i, and does not happen
with the probability, 1 — py,x the average probability of access in the second

time slot, ps, can be obtained from the following equation:

D2 = (Pinit) (Pinit — k) + (1 — pinit) (Pinit + ). (4.8)

Now, let us consider time slot m. In time slot m, there are m possible states
of probability coming from m — 1 possible probability states of the previous
time slot. Figure 4.3 shows different states that a user may have in time slot
m. Let S" denote the n'* state in time slot m. In time slot m, a user may

have a probability of access from the set: {pinis — (m — 1)k, pinis — (M —2)ka +
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Q.. Pinit — ka+ (m—2)a, piis + (m —1)a}, where pii 4 (m — 1)a corresponds
to the state S}, and pi, — (m — 1)ka corresponds to the S™ state, and all the
other values in between pi,ix — (m — 1)ka, and pii, + (m — 1)a correspond to
the states from S™~! to S2,. The following equation indicates the probability

of being in the state 7, in time slot m,

+q(m =1, = 1)(pmie + (m — j)a — (j — 2)7470(4)- |
4.9

So the average probability of access p,, in the m!® time slot, could be calculated

from the equation below:

m

B =Y q(m. ) (pinie + (m — j)a — (j — Dkav). (4.10)

j=1
Obviously in (4.10), we only account for the probabilities in the range [0,1], i.e.,
0 < (pinit + (m — j)a — (j — 1)ka) < 1. In the procedure explained in Figure
4.1, when a probability reaches 0, it goes up and then continues oscillating
between 0 and a small positive value, but in our calculations we ignore all
the probability values that reach 0 and then oscillates. Simulations prove that
the portion of probability values in this summation coming from oscillations
after reaching 0, adds only a value very close to 0 to this summation. This
negligibility is basically because of the fact that not only the values of those
state access probabilities are so small, but also the probability of reaching to
those states are also very small.

Now we consider the effect of T1 = 1 stopping criterion. If the instantaneous
throughput reaches this maximum value, the contention period will stop and
thus the access probability of all the users will turn to 0. In calculation of
the average access probability for each time slot, we should multiply the result
of (4.10) by the complement of the summation of the probability of reaching
T1 = 1 in any of the m —1 time slots before time slot m, as they are individually

exclusive. The final equation for the average probability of access in time slot
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m considering both stopping criteria is indicated in the following equation, in

this equation p(77); refers the probability of reaching 71 = 1 in time slot 7.

= (1= 3 pUTDICY alm )+ (m — o — (= D). (411

In this equation, g(m,j) should be substituted from the recursive equation
(4.9). Both the simulation results and numerical analysis show that p(77); for
i > 3 is of a very small orders, i.e., 107 or even smaller and is thus negligible,

so the approximation for p,, is as shown below:

Pinit m=1

P =< (1= mZ p(T71):) (X a(m, §) Pinie + (M — jla— (j — Dka)) m=2,3

(1- iP(TI)z)(i q(m, 7) (Pt + (M — j)a — (j — Dka)). m>3

(4.12)

Using the above analysis, we can derive a sufficient condition that guarantees
the total number of transmissions in our scheme to be less than that of the
original frameless ALOHA. For this, we can choose py,;; = pan of the original
scheme, and force p,, < p,,—1. This way, the number of transmissions is reduced
every time slot. Interestingly, if we let p;,;; to be an optimization parameter, we
find optimal p;,;; even smaller than pay of the original scheme. Hence, the total
number of transmissions is further reduced compared to the original scheme.
In order to derive the desired condition, i.e., p,, < Pm_1, We ignore the
effect of 11 = 1 stopping criterion, in fact we solve the inequality for time slots
m > 3. Although the ignorance of T} = 1 stopping criterion may not be true in
practice, but it will give an approximate suitable value for k£ that helps to find
the optimum value faster. Using the average access probability given in (4.12)

for m > 3, and after simplifications, we reach at:
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m—1

Z Q(m - 17j)(pinit + (m —-1- j)Oé - (j - 1)ka)
i=1 (4.13)

m

>3 g(m, ) (pais + (m — f)a — (j — Dka).

i=1

Finally, we will reach to the following inequality:

_ 1
Pm—1 > ]{j——i—l’ (414)

or equivalently k > }# — 1. One problem here is that with decreasing p,,,

satisfying the condition on k£ becomes increasingly difficult, or impossible. In
the next section, we suggest another access method which resolves this problem.

Here, we simply force the condition at the initial step, i.e., k& > p_l,t —1 to

reduce the optimization space. We recognize that p,, may no longer be strictly
decreasing. However, simulation results show that p,, is initially decreasing and
only for small p,, it may show an increasing behavior. This means, p,, is always
smaller than pay, hence, the total number of transmissions in our scheme, as
detailed in the Simulation Result, Section 4.3, is noticeably less than that of
original frameless ALOHA.

By setting the access probability at the users as discussed above, and finding
the optimum values for «, k, pini, and FRr, as Qopt, Kopt, Pinitepes and Fope We
reduce the average access probability of the users, which in turn causes to have
a lower average number of transmissions per time slot and that would bring a

lower average energy consumption by the whole network.

4.2.2 Adaptive Change with Variable Parameters

One minor issue with the previous suggested method of access was that p,, was
not strictly decreasing. This was caused by using a fixed k, and a decreasing

Pm, Where the condition p,, > could eventually be violated.

1
k417
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An idea here is to let k£ change adaptively, so that a decreasing p,, is always
guaranteed. This, however, results in an ever increasing k(i, m), where at some
point, p(i,m) — ak(i,m) can become negative. To remedy this problem, we
can let a to be also adaptive. Since the main concern is avoiding a negative
probability of access, a simple choice of «(i,m) can be a constant which is

limited whenever needed.

So, in our adaptive scheme, for user u; at time slot m, we assume increasing
and decreasing steps equal to a(i,m) and «(i, m)k(i,m) respectively, where
k(i,m) is a positive integer. That said, the access probability of the users is

updated as follows:

plim 1) = p(i,m) — a(i,m)k(i,m), if s(i,m) =1, (4.15)
p(i,m) + (i, m), if s(i,m) = 0.

The same as the previous subsection, s(i,m) shows either user, u; has had a
transmission in time slot m or not. Both «(i,m), and k(i, m) are found locally

at the user. «a(i,m) is the minimum between a value determined by the BS

depending on N, i.e., o, and Bp(z.,m)% where § < 1. The term BM)
k(i,m) k(i,m)
is to avoid negative values for p(i,m + 1), which is later explained in more
details. So, a(i,m) = min(a,ﬂi?’mi), where § < 1. « is a parameter of
i,m

optimization. Depending on NN, the BS determines a and sends it to the users
at the beginning of the contention period. To achieve energy efficiency, k(i, m)
is chosen such that u; average access probability in the next time slot becomes
less than its current probability of access. This in turn translates into less

number of transmissions by the user in future time slots.

The average access probability of an arbitrary user u; in slot m + 1 is:

Pm1(i) = p(i, m)[p(i, m) — a(i, m)k(i, m)] (4.16)

+ (1 = p(i,m))(p(s,m) + a(i, m)).
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Now, we want to have:

pm-&-l(i) < p(ivm)' (4'17)

Using (4.16), and the desired condition in (4.17), we arrive at

<—1 — 0, m)> < k(i,m). (4.18)

p(i,m)

To have an integer k(i,m), we set

k(i m) — FL(””W | (4.19)

p(i,m)

Now we go over a discussion on «, note that in each time slot the access

probability should satisfy the following condition:
0<p(i,m+1)<1. (4.20)

For a practical network setup, reaching the upper bound is not likely to happen.

However, to avoid negative probabilities, we should set «(7,m) such that:

. p(i,m)
< . 4.21
a(i,m) < k(i m) (4.21)
: . . N p(i, m)
To address this, u; sets its a(i,m) in time slot m, as «(i, m)=min(a, ﬁm),
i,m

where § < 1. Figure 4.4 shows the procedure through which, user u; finds its
access probability p(i,m), in time slot 1 < m < M, where M is not a priori

determined.
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Initializing user
u; with the values
of N, a, m = 1,
and p(i,m) = Pinit

m) No R
) trasmission in

KG.m) asmission i
p(i,m+1) = p(z m) time slot m?

a(i,m), m = m+1

Will u; have a

a(i,m)=min(c, B

1 — p(i, m)—‘
p(i,m)
p(i,m)

k(i,m) = {

a(i,m)=min(c, ,3

k(i, m))
p(i,m + 1) = p(i,m) —
a(i,m)k(i,m), m = m+ 1

Does u; receive
a new mesage
from the BS?

Figure 4.4: Adaptive access strategy with variable parameters.

As our goal in this proposed frameless scheme is to reduce the energy
consumption, we can outline an optimization problem to find the parameters
Q, Pinit, and Fg in a way that we minimize the average energy consumption, or

the average number of transmissions per time slot [d(s,,)|a, while achieving a
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required throughput T}e,. This optimization problem is displayed below:

min_ [d(sm)|m
,Pinit, IR (422)
s.t. T > Treq.

The outputs of this optimization are indexed by “opt”, i.e., Qiopt, Pinitep:, and
Fopt- Qopt, and piye,,, Will be transmitted to the users at the start of a contention

period, and F,; will be used as the stopping criterion for Fr at the BS.

Note that by setting the access probability at the users as discussed in this
section, we gradually reduce the average access probability of the users. This in
turn causes to have a lower average number of transmissions per time slot, and
that would lead to a lower average energy consumption by the whole network.
However, it is important to carefully choose upt, Pinitey s and Fope such that
the throughput of the modified frameless ALOHA is not less than a required
throughput. Assigning these parameters and finding their optimal values are

discussed in Section 4.3.3 of this chapter.

4.3 Simulation Results

Before going through the results, we define some common elements among all

the simulations.

Similar to slot degree d(s,,), which is the number of received messages by
the BS in a given time slot, m, we define user degree d(u;), as the number of

replicas of the message sent by user u;, during the contention period,

d(uj) = s(i,m) 1<i <N, (4.23)

m=1

o7



Now, we define the average number of transmissions per user [d(u;)|y, as

: d(us)

[d(wi)]y = ——=—

~ (4.24)

In all tables of this section, [[d(sm)]a|Runs, and [[d(w;)] n]runs are the average
number of transmissions per time slot and per user that is averaged over 10000
runs. We consider p,, as the average probability of access over the users in time

slot m, i.e.:

Py = S (4.25)

We define [p,,] s as the average of p,, over all time slots in a contention period.
In addition, [[pm|m|runs denotes the average of [pp,|n over the 10000 runs.
Also, [FRr]runs 18 the fraction of resolved users averaged over the 10000 runs

M
Hﬂ is the ratio of the average number of time slots

respectively. Finally,
in a contention period over the number of contending users.

In this section, we compare the original frameless ALOHA with our pro-
posed adaptive access strategies as discussed in Section 4.2.

In all the schemes of this section, SIC is executed to resolve the user
transmissions. The contention period terminates either when Fr > Fyp or
Ti(m) = 1, where Fgp is found through optimizations for each scheme. All
the optimizations are performed through searching over the parameters of op-
timizations in each scheme. Simulations are performed by averaging over 10000
runs on each desired set of parameters in each scheme and for each N € {25,
50, 100, 200}.

The set of values that lead to the maximum average throughput in the
original frameless scheme, [Ti,ax|Runs, are denoted as Ppy,,,, and Fyy in the
corresponding table. Further, the set of values that lead to [Tinax]runs While

the average number of transmissions per time slot is minimized in the adaptive
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access schemes, are denoted as opt, Kopts Pinitep» a0d Fopg in their corresponding
tables. Finding the optimal value of Pay, ., Pinitope> Fopt, Qopt, and kope for each
N in the three following schemes is done through a numerical grid search. For
each combination of the set of desired values in each scheme, a simulation is
run 10000 times, and the resulting Tiax, Fr, [d(Sm)ar]s [[d(wi)]n], [[Pm]ar] and

M are averaged over all the simulation runs.

4.3.1 Original Frameless Slotted ALOHA

In the original frameless slotted ALOHA, the optimization goal is to find the
optimal access probability, pan,,,, and stopping criterion Fy; for different num-

ber of users N leading to the maximum possible throughput.

N 25 |50 | 100 200
Pan,,, 0.094 | 0.054 | 0.028 | 0.0147
Fopt 0.84 | 0.84 |0.88 | 086
[T o] R 080 [0.82 084 | 085

[[d(5,)] ] Runs || 2.06 | 2.40 | 2.48 2.63
[[Prm] 0] Runs 0.094 | 0.054 | 0.028 | 0.0147
[[d(u:)]n]Runs || 2.32 | 2.68 | 2.68 2.77
[FR]Runs 0.72 |0.76 | 0.77 0.78
[M]Runs

N

0.99 1099 |0.96 0.94

Table 4.1: Performance of the original frameless ALOHA.

The following two subsections, include the simulation results for our pro-
posed adaptive access strategies that lead to a lower energy consumption while

maintaining the same throughput as the original ALOHA scheme.

4.3.2 Adaptive Change with Constant Parameters

In this modified frameless ALOHA, the optimization goal is to find P, ., Fopt,

Qopt, and koptl, for each number of users, that leads to the minimum average

"Which correspond to the optimal values for P, FRr, o, and k in this scheme.
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number of transmissions per time slot, while the throughput of the original
frameless ALOHA is also achieved. In order to find the optimal values for p;;,
and k, we have started our search using the inequality (4.14), i.e., by setting

Pinit greater than ——, and through a grid search we have reached to the values

k+1’

in Table 4.2.
N 25 | 50 100 200
Panity, 0.082 | 0.049 | 0.024 0.014
Fopt 0.83 | 0.86 |0.88 0.86
opt 0.001 | 0.0001 | 0.00008 | 0.000007
Fopt 7 15 23 46
[T meoe] R 081 082 [0.84 0.85
[[d(sm)]r]Runs || 1.86 | 2.17 | 2.23 2.54
[[Prm] 1] Ruans 0.085 | 0.049 | 0.025 0.014
[d(w)|v]runs || 203 | 238 | 2.36 2.65
[FR] Runs 0.68 |0.73 |0.72 0.77
M uns
[ ]]\1; 0.93 | 096 |0.91 0.93

Table 4.2: Performance of adaptive frameless ALOHA with constant parame-
ters (k,a, Phit)-

In order to compare our proposed access strategies with the original access
strategy, we use [[d(sm)]a)runs @s the index of energy consumption. Comparing
the number of transmissions per time slot in this access strategy with the origi-
nal frameless ALOHA, we come to Table 4.3 below. As it can be observed, our
proposed frameless ALOHA significantly decreases the number of transmission

for small to medium sized networks.

| N [25 |50 [100 | 200 ]
| Energy saving [ 9.7% [ 9.58% | 10.08% | 3.42% |

Table 4.3: Reduction in the average number of transmissions per time slot
when adaptive frameless ALOHA with constant parameters (k,o,Pyp;) is the
random access scheme.
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4.3.3 Adaptive Change with Variable Parameters

In this modified frameless access technique, the optimization goal is to find
Dinitopt> Lopt, and aoptz, for each number of users with exactly the same opti-
mization objective over the throughput and average number of transmissions
per time slot, as mentioned in the previous access method. Comparing the
number of transmissions per time slot in this method of access and the original

one, we come to Table 4.5.

N 25 50 100 200
Panit,,e 0.081 | 0.044 |0.025 0.014
Fopt 075 |0.92 |0.89 0.85
QUopt 0.0027 | 0.0008 | 0.00011 | 0.000002
[Tnax] Runs 079 082 [0.84 0.85
[d(sw)]alruns || 172 | 1.89 | 2.18 2.5
[Prarlruns || 0.079 | 0.043 | 0.025 0.014
() n]rus || 1.87 | 216 | 2.36 2.59
[FRRuns 0.67 |0.75 |0.75 0.76
[M]]\f;“ns 095 |0.99 |0.95 0.92

Table 4.4: Performance of adaptive frameless ALOHA with variable parameters
(k(i,m), a(i,m),Pni), for = 0.95.

N [25 |50 100 [ 200 |
[ Energy saving [ 16.5% | 21.25% [ 12.09% | 4.94% |

Table 4.5: Reduction in the average number of transmissions per time slot when
adaptive frameless ALOHA with variable parameters (k(i, m),a(i,m),Ppit) is
the random access scheme.

As it can be observed, our proposed frameless ALOHA significantly de-

creases the number of transmission for small to medium sized networks.

2Which correspond to the optimal values for P, Fr, and « in this scheme.
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4.4 Comparison

Comparing our proposed adaptive schemes with the original frameless slotted
ALOHA in [20], we conclude that by adaptively changing the probability of ac-
cess at the users, we have been able to improve the energy efficiency while pre-
serving the same throughput. Results show that our proposed k(i,m), a(i, m),
P, and k, o, P,y protocols, are able to reduce the energy consumption from
5% to an outstanding value of 21%, and from 4% to 10%, respectively depend-
ing on the number of users contending in the network. In these protocols, each
user uses its local immediate information of its current probability of access,
and also weather or not it had a transmission in the current time slot to change
its access probability for the next slot. Therefore, by adding no memory, ex-
tra handshaking, or central monitoring we have decreased energy consumption,

while maintaining the same throughput as the state-of-the-art.
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Chapter 5

Conclusion

In this chapter, we conclude the thesis. In the first two chapters we discussed
the motivations and the background needed for this work. Our first contri-
bution was in Chapter 3, where we considered a network with N users in k
different classes, who want to random access a shared communication chan-
nel. We obtained the achievable throughput region, and based on an optimized
distribution for irregular repetition of a network with N users that transmit
their messages in N time slots, we have obtained distributions to be assigned
to different classes of the users. These distributions lead to the largest possi-
ble throughput region. This throughput region is shown for N = 100, and a
network of two classes with N; = N, = % in Figure 5.1. If the BS is provided
with this throughput boundary, all the points inside the throughput region
are achievable by easily deriving their corresponding sets of distributions for
different classes. One can argue that, as far as there is no better distribution
for 1 class of N users transmitting in N time slots, there will be no better
throughput region than our provided one. This is because if there was a bet-
ter throughput region, then the overall throughput of the network for the N
users that have the overall distribution, would have been higher than the best

possible(a contradiction).

In Chapter 4 of this thesis, we proposed adaptive frameless slotted ALOHA
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Framed-A, (x) A SIC

0k

Figure 5.1: The best throughput region for a network with two classes of users,
N = 100 time slots in a frame, and N; = Ny = %

schemes that provide energy efficiency in comparison to the original frameless
slotted ALOHA in [20]. By adaptively changing the probability of access at
the users, we are able to improve the energy efficiency while maintaining the
same throughput. In the following table, we have summarized the amount of
energy saving versus the number of users in a network, provided by our two

adaptive frameless slotted ALOHA methods.

| N [25  [50 1100 | 200 |
k , o, Py Method 9.7% [9.58% [10.08% | 3.42%
k(i,m) , a(i,m), Py Method || 16.5% | 21.25% | 12.09% | 4.94%

Table 5.1: Reduction in the average number of transmissions per time slot,
that translates to the amount of energy saving, when each of our two proposed
methods are applied.
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5.1 Future Work

One possible extension regarding our works in Chapter 4 is to find the Markov
Chain steady state probabilities that could be considered for each of our pro-
posed adaptive frameless slotted ALOHA approaches, and to find an exact
formula for the average number of transmissions per time slot, as an indication
of the average energy consumption.

As another work, we can develop the original frameless ALOHA scheme in
a way that it can be applied to networks with users of different classes of pri-
ority. We can consider a network with N users in k classes {C1, ..., Ci} having
their transmissions via frameless slotted ALOHA random access. Users of an
arbitrary class C,, are considered to have access probability p,. Further, at the
BS instead of using a single stopping criterion for the whole resolved users, we
can consider different stopping criteria for each of the classes. For example con-
sidering the fraction of resolved users, there should be different thresholds for
each of the classes as { F1, ..., Fi, } which will lead to a specific set of throughputs
{T1, ..., Ty }. Assigning different possible values for the two set, {p1, ..., px}, and
{Fi, ..., F.} leads to a throughput region. This way, we may achieve an even
larger throughput region than our proposed framed slotted ALOHA with irreg-
ular repetition, but this is at the expense of a non-fixed frame, and performing

optimizations instead of assigning easy to derive distributions.
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