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This dissertation focuses on two important aspects of communication systems,
namely energy efficiency and age of information. Both aspects have received much
less attention than traditional performance metrics, such as throughput and delay.

The need to improve the energy efficiency in communication networks is ap-
parent, given the high demand for power consuming applications to be implemented
in devices with limited energy supplies. Additionally, improvements in energy effi-
ciency are encouraged by possible reductions in network operation costs, and by the
increasing awareness of the environmental impact caused by the information and
communication technologies.

In this dissertation, energy efficiency is studied in the context of a cognitive
wireless network, in which users have different priorities to access the network re-
sources, possibly interfering and cooperating among themselves. A new parametriza-
tion is proposed to characterize performance trade-offs associated with energy effi-
ciency for non-cooperative and cooperative network models. Additionally, a game

theoretic model is proposed to study resource allocation in a cooperative cognitive



network, accounting for energy efficiency in the utility functions.

Age of information is a relatively new concept, which aims to characterize the
timeliness of information. It is relevant to any system concerned with timeliness of
information, and particularly relevant when information is used to make decisions,
but the value of the information is degraded with time. This is the case in many
applications of communications and control systems.

In this dissertation, the age of information is first investigated for status up-
date communication systems. The status updates are samples of a random process
under observation, transmitted as packets, which also contain the time stamp to
identify when the sample was generated. The age of information at the destination
node is the time elapsed since the last received update was generated. The status
update systems are modeled using queuing theory. We propose models for status up-
date systems capable of managing the packets before transmission, aiming to avoid
wasting network resources with the transmission of stale information. In addition
to characterizing the average age, we propose a new metric, called peak age, which
provides information about the maximum value of the age, achieved immediately
before receiving an update.

We also propose a new framework, based on the concept of age of information,
to analyze the effect of outdated Channel State Information (CSI)) on the perfor-
mance of a communication link in which the source node acquires the through
periodic feedback from the destination node. The proposed framework is suitable
to analyze the trade-off between performance and timeliness of the [CSIl, which is a

fundamental step to design efficient adaptation functions and feedback protocols.
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"In this moment, recognize the value of being alive."

(Prem Rawat)
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Chapter 1: Introduction

1.1 Motivation

The large number of applications and the increasing demand for communi-
cation systems requires these systems to be constantly adapted, or reinvented, to
become more efficient. In past years, much effort has been made to improve spec-
tral efficiency, in order to deliver higher network throughput, and to reduce delay in
communication networks. More recently, the need to focus on different performance
metrics has become apparent, and we identify two important aspects to be consid-
ered in the deployment of communication systems, namely the energy efficiency and
the age of information, which are the focus of this dissertation.

The energy efficiency of wireless networks has recently received much atten-
tion, both in industry and academia, given the urgency to address environmental
and economical concerns, and also to handle the increasing demand for high-rate,
power consuming applications implemented in battery powered devices with limiting
energy constraints.

In addition to the increasing concern with energy efficiency, wireless networks
are experiencing a paradigm shift regarding their architecture, departing from the

centralized model to a user-centric model, with more autonomous nodes, and dis-



tributed solutions for resource allocation, based on local information and cooperation
among users. For this scenario of a user-centric network, it is necessary to develop
techniques and protocols that address the heterogeneity of the users, who may have
different needs and priorities to use the resources. We identify two additional con-
cepts to be considered when developing energy efficient solutions for future wireless
networks, namely cognition, and cooperation among users.

In this dissertation, energy efficiency is investigated in the context of cogni-
tive wireless networks, in which users with different priorities share the spectrum,
accounting for the possibility of interference and cooperation among those users. A
new parametrization is proposed to characterize the intricate relationship between
the transmission parameters of high-priority and low-priority users, and the en-
ergy efficiency is analyzed for these two classes of users. Multiple spectrum sharing
schemes are considered, including cases with and without network level coopera-
tion. Performance trade-offs involving the energy efficiency are discussed, making
apparent the difficulties in selecting transmission parameters in cognitive wireless
networks. The cooperation among users with low- and high-priority is investigated
using two models. In the first proposed model, the low-priority users are allowed
to cause some interference to the high-priority user, as long as they act as relays
when necessary. In the second proposed model, the spectrum is allocated during
specified time intervals for individual transmissions and cooperation among the low-
and high-priority user. In the second case, we proposed a game theoretic model to
determine the time allocation of the spectrum while encouraging cooperation among

the users.



The second part of this dissertation focuses on the concept of age of informa-
tion. This relatively new concept is being developed with the objective to character-
ize the timeliness of information. Its scope is not confined to wireless communication
networks. Several systems are sensitive to the timeliness of information, particularly
when the information loses its value with time. This is the case, for example, in
systems that take actions based on the status of an observed process, as in sensor
networks, or control systems.

In this dissertation, the age of information is investigated for communication
systems that transmit status update messages. These messages contain the status
of a random process under observation and the time stamp indicating when the
message was generated. The status updates are transmitted to a destination node,
which is interested in timely information about the observed process. The age of
information is defined as the difference between the current time instant and the
time stamp of the most recent update message received at the destination node. The
transmission medium is modeled using queuing theory. In addition to the analysis
of the average age, a new metric called peak age is proposed to characterize the
age of information for multiple system models. This dissertation also presents a
new framework, based on the concept of age of information, to study the effect of
outdated Channel State Information (CSIl) on the performance of communication
networks that make use of feedback.

In the remainder of this chapter, we briefly introduce the most relevant topics
considered in this dissertation, and the related work in the literature. Section

provides an introduction to the topic of energy efficiency in wireless communication



networks. The following sections, [I.3] and [I.4] discuss the use of cognition and co-
operation, focusing primarily on aspects of energy efficiency. Section brings a
brief description of the use of game theoretic tools in resource allocation for cogni-
tive cooperative networks. Then we proceed to give a brief introduction on age of
information, in section [I.6] and on the use of channel state feedback, in section [I.7]

Finally, the outline of this dissertation is presented in section [I.8]

1.2 Emergy Efficiency in Wireless Networks

As previously mentioned, the interest in developing energy efficient communi-
cation systems has increased in recent years. The reasons to support enhancements
in the energy efficiency of wireless networks include:

(¢) Environmental concerns — The awareness of the environmental problems
related to the emission of Green-House Gases (GHG)) has increased in the past few
years, and action is needed to identify and improve the main sources of [GHGI in
order to reduce the emissions. It is estimated that the information and communica-
tion technologies are responsible for approximately three percent of the worldwide
consumption of electric energy, and two percent of the total carbon dioxide (C'Os)
emissions [1], numbers which are rapidly increasing. Wireless networks are partially
responsible for those numbers, and should be object of study to improve energy effi-
ciency. The effort to reduce the emission of will require not only improvements
on the energy efficiency of the networks, but also the use of renewable energy sup-

plies in large networks. For example, renewable energy supplies can be used in the



base stations, which are responsible for more than half of the energy consumption
in mobile networks, particularly due to the power amplification devices [2].

(4¢) Economical incentives — Energy efficiency is economically appealing, since
the energy represents a significant share of the operation expenditure of the service
providers [3]|. Clearly, it is of interest of the operator that the network is as efficient
as possible, reducing the costs of operation.

(#42) Technological challenges — Many terminals in wireless networks are ex-
pected to operate autonomously, with limited source of energy (battery supplied).
While the power consumption is increasing due to new multimedia applications, the
battery technology is evolving very slowly, increasing the gap between the energy
demand and the energy available in the batteries |[4]. Additionally, the size of the
devices also imposes constraints in the available battery capacity.

The deployment of energy efficient (green) communication networks will re-
quire multidisciplinary efforts, to develop new materials, energy efficient circuits,
new communication protocols and network architectures. Including the energy effi-
ciency as an objective to design communication systems inevitably impacts on other
performance metrics [4,5].

A fundamental framework for research of energy efficient (green) wireless com-
munications was proposed in [6], based on four fundamental trade-offs related to
the energy efficiency, namely (1) the trade-off between energy efficiency and the
deployment efficiency, given by the throughput per unit of deployment cost, (2)
the trade-off between energy efficiency and spectrum efficiency, (3) the trade-off

between bandwidth and power needed to achieve a target rate, and (4) the trade-off



between power consumption and delay.

The recognition of a trade-off between energy efficiency and spectral efficiency
dates back to Shannon’s theory. Using the capacity formulation for an Additive
White Gaussian Noise (AWGN]) channel, it can be shown that the energy efficiency is
monotonically decreasing with the spectral efficiency [7]. The analysis of this trade-
off in more realistic scenarios results in complicated multi-objective optimization
problems, that account for fading conditions, multi-user systems, and the total power
consumption. Therefore, further investigation is needed to develop tractable models
to analyze this and other trade-offs related to energy efficiency.

Numerous previous works have addressed the trade-off between energy effi-
ciency and spectral efficiency in more specific scenarios. For example, in [8], the
authors aimed to solve a multi-objective optimization problem to maximize both
energy efficiency and spectral efficiency in the case of a cellular network using
Orthogonal Frequency Division Multiple Access (OFDMAI), and a new metric named
resource efficiency has been proposed to capture the trade-off between the two objec-
tives. The case of a multi-hop wireless network was considered in [9] to characterize
the trade-off between the total energy consumed and the communication rate, ac-
counting for transmission energy and circuit processing energy.

In this dissertation, we also focus on aspects related to energy efficiency and
spectral efficiency, considering the common definition of energy efficiency given in
bits of information per unit of transmit energy, with unit of bits per Joule. The
proposed parametrization to analyze the energy efficiency in cognitive networks

adds to the much needed simple frameworks needed to study the trade-offs between



energy efficiency and other performance metrics in wireless networks.

1.3 Cognitive Networks

The static spectrum allocation policies implemented by regulatory agencies
have created an apparent scarcity of this natural resource. While there seems to
be no available spectrum bands to meet the increasing demand for high data rates
in communication networks, many allocated frequency bands are underutilized by
the licensee. A more dynamic model for spectrum allocation is enabled when the
radio terminals have the capability to perceive the environment, taking advantage of
transmission opportunities while avoiding to disrupt those transmissions with higher
priority. This new paradigm is based on the concept of cognitive radios with the
capability to adapt and learn, following a cognitive cycle, and significantly increasing
the spectral efficiency in communication systems [10].

The adaptability of cognitive radios has been identified as a valuable tool
to develop energy efficient (green) communication systems, even though cognitive
networks were primarily envisioned to overcome spectrum underutilization. The
most common assumption is that one network, the Primary User, has the license
to use the frequency resources, while the other network, the Secondary User, has
constrained access to network resources. This scenario is one of the cases considered
in this dissertation, but we go beyond to study the interaction of users with different
priorities, accounting for other scenarios with interference and cooperation. We will

refer to Primary and Secondary Users as High-Priority User (HPU) and Low-Priority



User(s) (LPU), respectively, not to allude to the traditional model of cognitive
networks. In our work, the [HPUl and the [LPUl could even be part of a single
network, but they have different priorities to use the resources.

Overviews on the use of cognitive radios to improve energy efficiency of wire-
less networks have been presented in [11-14]. In [11], the authors described two
steps to deploy energy efficient cognitive radio network. The first step would be
to exploit the flexibility enabled by cognitive radios, but only when the penalty
in power consumption is small or can be compensated by the other functionalities
added to the network with the use of cognitive radios. The second step is to ex-
ploit the increased flexibility to actively save energy by adapting the reconfigurable
radios to the conditions in real time. The work in 12| defended the benefits of the
use of cognitive radios to address the trade-offs involving energy efficiency in wire-
less networks, given the increased energy efficiency awareness enabled by cognitive
capabilities. The design of energy efficient spectrum sensing, the coordination of
multiple users or networks with secondary (low-priority) access to the spectrum,
and the management of the secondary networks have all been discussed in [13]. The
work in |14] has pointed to interesting challenges to be addressed in the deployment
of energy efficient cognitive networks, identifying the following four fundamental
trade-offs concerning energy efficiency:

(¢) Energy efficiency versus Quality of Service — this trade-off exists
in communication networks even without the use of cognitive radios, since attend-
ing requirements becomes more challenging with energy efficiency constraints.

Nonetheless, the existence of different levels of priority among the users brings an-



other dimension to the problem, since the requirements may be focused on the
[HPU on theLPU], or on both. The may also be differentiated among the [LPU],
creating additional classes of users.

(%) Energy efficiency versus fairness — similarly to what is observed for [QoS]
fairness in cognitive networks also has additional dimensions, since there may be
bias to serve the [HPU] while also being fair to the [LPUl Fairness issues also need
further investigation in scenarios with multiple service providers sharing spectrum
and also network infrastructure.

(#i7) Energy efficiency versus interference caused to the [HPUl - in the paper,
the authors mention two cases of interference to be addressed: the misdetection
HPU’s activity, and the reappearance of the [HPUl which would require the [LPU] to
vacate the spectrum. Reducing the interference caused to the[HPUlin both cases may
increase energy consumption. The parametrization proposed in this work is useful
in the analysis of this trade-off, as it characterizes the interdependence between the
transmission parameters of the [HPUl and the [LPUl considering different spectrum
sharing schemes.

(#v) Energy efficiency versus network architecture — this trade-off is related to
the energy spent when modifying the network architecture, for example by adding
small cells, relays, and multiple hops in a network. In this dissertation, we address
the trade-off of energy efficiency versus throughput when the [LPUl acts as a relay for
the [HPUl Our game theoretic formulation for such cooperation also considered the
energy spent by the [LPUL The energy cost of cooperation, as well as the cost

of other modifications in architecture, deserve further investigation, in order to



create mechanisms to reduce operation costs while still benefiting from the new
architecture.

In [15], the power efficiency of the[LPUlis maximized, subject to a constraint on
the interference caused to the [HPUL and considering spectrum sensing time and ac-
curacy. Resource allocation for the network of low-priority users has been addressed
in [16], where a heuristic scheduling algorithm is proposed to improve energy effi-
ciency of the [LPUl In [17], the optimal transmission duration and power allocation
is found for a [LPU] sensing multiple channels. The optimal transmission power to
maximize energy efficiency for the[LPUlunder a particular spectrum sharing scheme
is presented in [18|. Finally, the work in [19] presents sensing-access strategies for
the [LPU] so that energy efficiency is maximized. All these are important contri-
butions, but the development of energy efficient cognitive networks and the use of
cognition to improve energy efficiency still deserve further investigation.

The need for spectrum sensing is a major concern when considering the energy
efficiency for cognitive networks. The work in [20] proposes a convex optimization
problem formulation to minimize the energy consumption subject to constraints on
detection and false alarm probabilities. The sensing duration under energy con-
straints has been considered in [15]. In [21], the authors identify when the spectrum
sensing energy consumption is overweighted by the energy savings due to reduced
contention among multiple low-priority users.

Our work aims to contribute to the understanding of trade-offs related to en-
ergy efficiency in scenarios with cognitive networks, studying the impact of different

cognitive capabilities on the energy efficiency of the network. In contrast with the

10



aforementioned works, our analysis is not restricted to a a single spectrum sharing
scheme, nor to a single optimization problem, and we consider both the [HPUl and
the [LPUL For the schemes that require spectrum sensing we do not focus on possi-
ble improvements of the spectrum sensing energy consumption. Instead, we analyze
the trade-off between energy efficiency and the sensing accuracy, regardless of the

sensing technology.

1.4 Cooperative Networks

The use of cooperation among nodes in wireless networks has received a great
deal of attention in the literature. It is well known that wireless networks can benefit
from spatial diversity to mitigate the effects of time varying channels, and to increase
reliability in communication, thereby improving spectrum efficiency and reducing
the time used to deliver a message. Recently, it has been shown that cooperation at
the network protocol level can improve performance in terms of stable throughput,
and delay, benefiting all the users [22].

The benefits of cooperation have been previously verified in the context of
cognitive radio networks. Relay assisted transmission in the low-priority network
was considered in [23] and [24]. Models with the [LPUl acting as relay for the [HPUI
have been investigated in [25-28|, where the stable throughput regions have been
analyzed, assuming that cooperative relays are activated during idle periods of the
[PUl It has been shown that the use of cooperative relays would help to empty the

queue of the[PU] thus creating better transmitting opportunities for the [LPUl, and

11



increasing the stable throughput of both users as compared to the non-cooperative
case. Routing mechanisms in multi-hop networks that use several [[PUl as relays
have been investigated in |29).

Cooperative networks with full-duplex relays have also been previously inves-
tigated. In [30], the authors considered a multi-access problem, assisted by a relay
with capability of receiving and transmitting simultaneously. The model considered
in [30] is not a cognitive cooperative model, and the relay does not have traffic of
its own. In cognitive cooperative networks the use of full-duplex nodes is of interest
because the [[PUl has traffic of its own to transmit, so the nodes acting as relays
are not exclusively dedicated to this activity. In [31] the authors analyzed the ef-
fect of different degrees of accuracy in self interference cancellation on the average
sum throughput and the congestion of a cooperative network. The self-interference
is modeled as a variable power gain between transmitter and receiver in the relay
node, and this approach will be used in our work presented in chapter [2|

In addition to the increased stable throughput and reduced delays, cooperative
techniques potentially increase the energy efficiency in the network. The work in [7]
has shown that cooperation may reduce the energy to deliver a message. In [32], the
authors considered a cognitive network, with a cooperation scheme in which part
of the bandwidth is allocated to the [LPU] and the remaining bandwidth is used for
[HPU] transmission and relay transmission, with time sharing. The authors reported
up to 80% power savings for the [HPU]in comparison to non-cooperative schemes.

Although some of the benefits of cognitive cooperation have been indicated in
the previous literature, much remains to be done to deploy energy efficient cognitive
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cooperative networks. The contributions in this dissertation include two different
cooperative schemes between users with different levels of priority. Our observation
is that the [[PUl can be encouraged to cooperate in exchange for transmission oppor-
tunities. Our cooperative models were presented in [33] and [34], and the [LPUl can
be either allowed to transmit simultaneously with the [HPU] subject to a constraint
on the caused interference, or it can be allowed to access the spectrum exclusively

for a period of time.

1.5 Game Theory in Cognitive Cooperative Networks

The study of cognitive cooperation has been further enhanced by using game-
theoretic tools to assist with the resource allocation among users [35-38|. A scenario
with multiple high-priority networks is considered in [35], where the authors compare
three pricing models for the spectrum to be sold to the [[PU A game theoretic
model for spectrum access is presented in [36], with low-priority users searching for
transmission opportunities in portions of the spectrum unused by high-priority users.
A spectrum leasing scheme was proposed in [37], where a [HPU] allocates the channel
to a low-priority ad hoc network for a fraction of the time, and the low-priority users
help forward the HPU’s packets using distributed space-time coding technique. The
proposed scheme uses a hierarchical Stackelberg game model, where the [HPU] is
the game leader and selects the fractions of time to be used for cooperative and
individual transmissions, aiming to maximize its own rate. Following the decision

made by the leader user, the group of follower users optimizes their own power to
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obtain higher transmission rates. A priced-based game model for spectrum leasing
is proposed in [38], where the time allocation and also the price of spectrum are set
by the primary, while the selected secondary user may increase its transmission rate
by optimizing its transmission power.

Cooperation is not an inherent characteristic of multi-user communication net-
works, as users contend for resources, and often present selfish and rational behavior.
Therefore, different incentive-based approaches have been studied in the literature
to encourage cooperative packet forwarding. These schemes can be categorized into
pricing-based and reputation-based schemes [39]. In pricing-based schemes, the re-
lay node earns credits when it forwards other users’ packets. The credit is usually in
the form of virtual currency. Thus, a central controller is required to ensure the pay-
ment among the users [40-42]. In reputation-based schemes, the nodes adjust their
strategies based on the reputation of other nodes. Hence, each user tries to maintain
a good reputation to benefit from cooperation in following interactions [43-45|.

The study of game theoretic tools is not the main objective of our work, but
we have proposed a game theoretic model to study the interaction of two users
with different priorities in a cognitive cooperative scenario. The proposed model
is a Stackelberg game [46], in which the [HPU is the leader, while the [LPUlis the
follower player in the game. The objective of the proposed game model is to obtain
the time allocation for transmissions of each user, and an interval for cooperation, in
which the user with lower priority acts as a relay. The proposed model uses spectrum
as the real currency to be exchanged between users, instead of the virtual currency

often used in pricing mechanisms. Our model also includes a reputation mechanism
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based on cooperation credits. The players sequentially make their decisions, observ-
ing the reputation of their opponent, and taking the best actions considering how
cooperative the other player was in the previous rounds. As a result, the [HPUlis en-
couraged to allow the [[PUlto transmit data of its own, while the [LPUlis encouraged
to act as a relay for the [HPUl in exchange for the exclusive use of the spectrum.
Our model for cognitive cooperative networks was presented in [34]. In com-
parison to other models presented in the literature, in particular in [37] and [3§],
the main contributions of our model include (i) the use of a reputation-based game
to perform spectrum allocation, providing the framework to analyze the response of
the users in the long run, (ii) the use of utility functions that account for fairness and
energy efficiency in resource allocation, (iii) the use of a more complete formulation
for the achievable rates, which considers not only the information exchange through
a decode and forward multi-hop channel, but also the information flow through the
direct link from source to destination, and (iv) the definition of a Stackelberg game
in which the resource allocation is defined not only by the leader, but by the follower

as well.

1.6 Age of Information

The need to define metrics to describe the age of information was first identified
in the context of vehicular ad-hoc networks [47,48]. In this particular application,
information about the status of a node (vehicle) is broadcast to neighbor nodes for

navigation and safety purposes, for example. Clearly, it is desirable that neighbor
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nodes have access to up-to-date information about each other. However, as multiple
nodes contend for limited network resources, the update messages cannot be trans-
mitted very often. Due to this resource limitation, the information about the status
of a neighbor node can become outdated. Metrics associated with the age of infor-
mation can be used in this context to determine when the status update messages
should be transmitted under resource constraints, so that the information available
at neighbor nodes is as timely as possible. In [47], the authors addressed the problem
of congestion control in large vehicular networks, proposing a rate control algorithm
to minimize the average age of information throughout the system. The effect of
piggybacking messages throughout the vehicular network was investigated in [48],
and shown to be effective in reducing the average age of information.

Aiming to better understand the effect of information aging in communication
networks, a new line of work was initiated by the same research group, modeling
the network using simple queuing models. The initial research in [49], [50], and [51]
consider a general model for a system transmitting status update messages, assum-
ing that these messages become available to the source node at random instants
and wait in a buffer to be transmitted to a destination node. The average age was
characterized in 49|, considering that status update messages arrive at the source
node according to a Poisson process, and are transmitted using a First-Come-First-
Served (FCES) discipline. With the simplifying assumption that the time it takes to
successfully transmit the message is exponentially distributed, the system is mod-
eled as a M/M/1 queue. The average age for the M/D/1 and D/M/1 models was

also calculated in [49], illustrating the cases with deterministic service time and pe-
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riodic sampling, respectively. The case with multiple sources transmitting through
a M/M/1 queue was studied in [50], where the authors derived a region of feasible
values of average age. In [51] the authors analyzed the case with Last-Come-First-
Served (LCES) queue discipline, and showed that, for very large arrival rates, this
transmission discipline yields the same average age as a system capable of transmit-
ting just in time updates. The transmission of just in time updates assumes that a
packet is generated as soon as the server becomes idle, eliminating queuing delays,
and transmitting the updates as fresh as possible. Later in chapter [3] we show that
the same result can be achieved with discipline and packet management poli-
cies. Although it has been mentioned in the literature that the transmission of just
i time updates would be a lower bound on the average age, new results indicate
that it may be desirable to let the server idle, and then transmit updates that cause
further reduction in the value of age [52|. Clearly, further investigation is necessary
to understand this fundamental trade-off of age of information.

Other authors have also investigated the age of information using queuing
models. The average age was calculated in [53] for the case that all packets are
transmitted immediately after generation through a network cloud, and some pack-
ets are rendered obsolete, due to the random service times in the network. This
model corresponds to the extreme case of an infinite number of servers, and it calls
the attention to the fact that network resources may be wasted transmitting all
the available samples of the observed process. The trade-off between the average
age of information and the waste of network resources was also investigated in [54],

considering the case with only two servers.
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For applications in which the destination further processes the samples (e.g. for
estimation purposes), it may be necessary to transmit all samples, even at the cost of
a larger age. However, when the destination node is interested solely on the current
value of the process under observation, it would be acceptable to discard some
packets before transmission, with the objective to reduce congestion in the network,
and to avoid using network resources in the transmission of outdated information.
In this thesis, we propose models for status update systems in which the source
node is able to manage the packets before transmitting to the destination, possibly
discarding packets, as opposed to storing them in a buffer. We have presented some
of the results in [55].

As an alternative to the average age, we proposed a new metric, named peak
age. The peak age is the value of age achieved immediately before a status update
message is received. The peak age is more adequate than the average age when the
application requires that the age is kept below a threshold level. In that case, we
can characterize the probability that the peak age is below the required threshold.
The probability distribution of a peak has been characterized for the three proposed
schemes with packet management. We also observed that the average peak age
presents similar behavior to the average age, hence it can be used as an alternative
metric to characterize the age of information, with the advantage that the average
peak age can be more easily calculated in many interesting cases. The analysis of
the peak age was considered in [56], assuming a system with packet management
and a single place in the buffer and no packet replacement, extending our results to
the case with general distribution for the service time.
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1.7 Channel State Feedback

A feedback system can be understood as an example of a status update system.
In feedback systems, one or more variables of interest are observed and information
about the state of these variables may be reported periodically or aperiodically to
a controller, or a central node, where decisions are made based on the received
feedback. Consequently, the concept of age of information plays a key role in the
performance of any application using feedback.

In communication networks, a feedback scheme is used to report back to
the transmitter node, whenever the communication channel between two nodes in a
link is non-reciprocal. Non-reciprocal channels are common, since the propagation
environment differs between transmitter and receiver, e.g., due to different antenna
positions or different frequency bands at the two ends of the link, as with Frequency
Division Duplexing (EDDI]). Without reciprocity, the transmitter cannot directly
observe the channel state but has to rely on as reported from the receiver to
adapt transmission parameters to the instantaneous state of a time-variant channel.

The reported using a feedback scheme is not available immediately to the
transmitter. It experiences delays due to the time it takes to measure, process and
transmit the information. Upon reception, the use of may require additional
processing time to run the adaptation functions.

The effect of delayed has been considered in the literature mainly under
the assumption that past samples are used to estimate the current channel state.

Using this approach, Goeckel has shown in [57] the need to consider the delay of
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the [CSIl in the design of adaptive codes, in order to promote throughput gains in
comparison with nonadaptive coding. The Orthogonal Frequency Division Multi-
plexing (OFDM)) case was presented in [58], where the authors show that the gain
of adaptive schemes is severely reduced due to the delay of [CSIl and propose
the use of multiple channel estimates to increase the tolerance to the delay of [CSIL
The achievable rates for multi-user Multiple-Input Multiple-Output (MIMOI) were
investigated in [59], where the authors show that a fraction of the multiplexing gain
is achievable with delayed feedback, under a constraint in the maximum Doppler
shift. A different approach was adopted in [60], where the authors assume a [MIMOI
broadcast channel model and show that outdated channel information can be used
to learn side information, improving the achievable rates in wireless networks with
multiple flows.

We note that besides the delay experienced by the information reported using
feedback channels, the frequency at which the reports are sent also has an impact
on the timeliness of the available at the transmitter for adaptation functions.
If the is reported infrequently, the information available to the transmitter may
be outdated before it receives the [CSI again. For this reason, we envision that
the concept of age of information is more appropriate than the concept of delay
to characterize the effects of outdated on the performance of communication
networks.

In this dissertation we propose a new framework, based on the age of infor-
mation, to study the effect of outdated [CSI. Our focus is not on the use of delayed

[CST to obtain channel estimation or side information. We call attention to the
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fact that the delay is only one of the components of the age of [CSIl, and focus our
analysis on the use of periodic feedback. This feedback mode is common in cellular
communication systems |61, Chapter 10].

Our initial results have been presented in [62| and [63]. The proposed frame-
work is expected to lead to further work on the development of resource allocation
and feedback schemes for multiple users, taking into account the age of information

used in adaptation functions.

1.8 Outline of the Dissertation

In chapter |2 we present the results related to energy efficiency. We begin
with an overview on the topic of energy efficiency in cognitive networks, presented
in section Section [2.2] presents the system models to be considered in the anal-
ysis of performance trade-offs in cognitive networks for non-cooperative cognitive
networks and for the Cooperative Underlay model. The performance for both the
non-cooperative and the cooperative cases is investigated in section [2.3, where the
throughput and the energy efficiency are calculated for the [LPU] and the [HPUL The
performance trade-offs are discussed in section 2.4 The game theoretic model for
a cooperative cognitive network is presented in section [2.5] Possible directions for
future work are discussed in section [2.6f The contributions of this chapter are then
summarized in section 2.7

In chapter [3] we discuss the concept of age of information. In section [3.2] we

formally define the age of information in status update systems and two metrics
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that characterize the age. In section [3.3] we characterize the age of information
for status update systems, cosidering five different models. At first, we present the
analysis for one source-destination link, modeled as a M/M/1/ queue, and discussed
in [49]. Then we present the results for multiple servers, and discuss the possibility
of resource waste, as presented in [53] and [54]. Finally, we discuss the age of
information for three proposed packet management schemes. Section [3.4] presents
our numerical results, and section presents a discussion about possible future
work directions. We summarize the results in this chapter in section [3.6]

In chapter [ we present the results for the application of age of information
to the case of channel state feedback. We describe the system model in section
[4.2] In section [4.3] we present the proposed feedback system, while the performance
metric which is a utility function is defined in section [£.4], where we describe possible
models for the utility using rate rewards and accounting for the cost of feedback. In
section 4.5, we analyze the effect of the age of on the probability of error in the
channel estimation for a simple channel model. An application of our framework in
the case of Rayleigh fading channel is discussed in section 4.6, The application of
our framework to multiplexing systems is presented in section [£.7] The discussion
about future lines of investigation is presented in section [£.8] and the contributions
in this chapter are summarized in section [£.9

The conclusion and summary of the contributions of this dissertation are pre-

sented in chapter o]
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Chapter 2: Energy Efficiency

2.1 Overview

Energy efficiency is an important objective in the analysis and design of wire-
less networks, in addition to the conventional interest in higher rates and quality of
service. Its importance is due to the environmental concerns about energy consump-
tion in communication technologies, and due to the possible reduction in operation
expenditures in the networks. Additionally, the need to improve the energy effi-
ciency becomes apparent as the number of power consuming functionalities required
from mobile devices increases. Unfortunately, improvements in energy efficiency of-
ten require some compromise with respect to other performance metrics, such as
throughput.

This chapter presents a contribution to a better understanding of the intricate
relations between the energy efficiency and different system parameters in wireless
networks. A new parametrization is proposed to investigate the trade-offs that
should be addressed while designing energy efficient networks. In particular, we
consider the case of a cognitive radio network, accounting for the possibility of
interference and cooperation among users with different levels of priority, referred to
as High-Priority User (HPU]) and Low-Priority User(s) (LPUl). The throughput and
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energy efficiency are calculated first considering non-cooperative spectrum sharing
schemes. We emphasize the possibility that the [LPUl causes interference to the
[HPUl and propose that the [HPU] establishes an interference tolerance, which is a
new network design parameter. Given the level of interference tolerated by the
[P, a power constraint is imposed to the [LPU], and it is shown to be effective in
protecting the [HPU] from interference. In addition to the trade-off between energy
efficiency and throughput, we discuss the trade-off between energy efficiency and
the accuracy in spectrum sensing, when sensing is required by the spectrum sharing
etiquette.

The energy-throughput trade-off discussed in our work can be understood
as one of the trade-offs mentioned in [14], between the quality of service and the
interference constraints. As opposed to qualitative discussions, our work describes a
system parametrization to obtain analytic results, characterizing trade-offs related to
energy efficiency for both [HPUl and [LPU] under different spectrum sharing schemes.

Given the possibility of interference caused by the [LPU to the [HPUl we en-
vision the use of cooperation as means of repayment from the [LPU] to the [HPUI
for using the spectrum. In [33|, we proposed a new cooperative spectrum sharing
scheme, named Cooperative Underlay, which assumes network layer cooperation as
proposed in [25,64], using the [LPUl as a relay. Later in this chapter, we present the
trade-off between energy efficiency and throughput for both the [HPUl and the [LPU],
and show the advantage of using cooperation in the case of severe interference.

The energy efficiency of our proposed Cooperative Underlay model is also
analyzed in the case of full-duplex relays, since the [[PUlis assumed to have traffic
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of its own to transmit. In our work, we model the self-interference as a variable
power gain between transmitter and receiver in the relay node, as proposed in [31].
We investigate the effect of the accuracy in self-interference cancellation on the
energy efficiency of the [HPUL which benefits from the cooperation of a [LPU] with
capability of simultaneous transmission and reception.

While the Cooperative Underlay model assumes that the [LPUl and the [HPU]
make use of the spectrum simultaneously, it is also possible to define an alternative
cooperative model, in which the [LPU] should transmit only when the [HPU] is not
transmitting. In [34] we proposed a simple game model to study the interaction of
a[HPUl and a[LPUl aiming to obtain the optimum time allocation for the individual
transmissions and the cooperative transmission. Given the different priorities in
using the resources, a natural approach is to use a Stackelberg game model, in which
the [HPUl is the leader, while the [LPUlis the follower player in the game [37]. Our
game model considers concepts of pricing and reputation, and can be implemented in
a distributed manner. The pricing mechanism is implemented using the spectrum
as a real currency to be exchanged between users, instead of a virtual one. The
reputation mechanism is based on cooperation credits, and is used to monitor the
behavior of both users over the course of time. The players sequentially make their
decisions, observing the reputation of their opponent, and take the best actions
considering how cooperative the other player was in the previous rounds. As a
result, the [HPUlis encouraged to allow the [[PUl to access the spectrum, and selfish
misbehavior of the [LPUl in packet forwarding is discouraged.

The remaining of this chapter in organized as follows: Section presents the
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system models to be considered in the analysis of performance trade-offs in cognitive
networks for non-cooperative cognitive networks and for the Cooperative Underlay
model. The performance for both the non-cooperative and the cooperative cases
is investigated in Section [2.3] where the throughput and the energy efficiency are
calculated for the [LPUl and the [HPUl The performance trade-offs are discussed
in Section [2.4, The game theoretic model for a cooperative cognitive network is
presented in Section [2.5] Possible directions for future work are discussed in Section

[2.6] The contributions of this chapter are then summarized in Section [2.7]

2.2 System Model for Trade-Off Analysis

We assume that multiple source-destination pairs share a single channel of
bandwidth W. Each pair, identified with (S; — D;), i € {0,1,...,n}, is referred to
as a user. User (Sy— Dg) has higher priority to use the spectrum, and it is referred
to as [HPUL The remaining source-destination pairs (S; — D;), i = 1,...,n, have
lower priority to access the channel, and are referred to as a [LPUl

Time is slotted, with a slot of duration L used to transmit a single packet.
Source nodes are assumed to be saturated, meaning that there is always a packet
waiting for transmission. Random access to the channel is assumed for the [HPU] so
the source node Sj transmits in a time slot with probability py.

Spectrum sharing schemes for cognitive radio networks have been extensively
studied [65], and the terminology is not completely standard in the literature. Three

spectrum sharing schemes will be considered in this chapter, and their definitions
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are provided below, together with the assumptions on the transmission probabilities

for low-priority users.

e Underlay - The[HPUl and the [LPUlare allowed to transmit simultaneously, but
the [LPU] has a power constraint. In each time slot, the i-th [LPU] transmits

with probability p; v = py, i =1,...,n.

e Interweave - In each time slot, the ¢-th [LPU] performs spectrum sensing and
transmits with probability p,; = pr if the channel is identified to be idle,

remaining silent otherwise. We assume that 0 < py < pr < 1.

e Hybrid - The [LPUl performs spectrum sensing, transmitting as in Underlay
scheme if the channel is sensed occupied, and as in Interweave scheme if the

channel is sensed idle.

When spectrum sensing is required, we assume that each low-priority source
node senses the channel in the beginning of the time slot, and makes a decision
independent from the other users. The signal from the [HPUlis correctly detected
with probability ()4, and a false alarm is emitted with probability QJ;. As a result,
the [LPUl may cause inadvertent interference to the [HPUl in the case of Interweave
or Hybrid spectrum sharing.

No scheduling scheme is assumed among the [LPUl hence the links between
a source node S; and a destination node D; with i # j are interference links,
i,7€{0,1,...,n}.

Figure [2.1] illustrates a non-cooperative network model with n = 2[LPUlL The
main links (S;—D;) are shown with full lines, while the interference links (S;—D;, i #
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Figure 2.1: Non-cooperative network model. Example with n = 2. Main links
illustrated with full lines, and interference links with dashed or dotted lines.

(0)

Figure 2.2: Simple cooperative network model, with success probabilities indicated
in the links.

j) are shown in dashed or dotted lines. The packet transmission is always intended
to the corresponding destination in the main link, and subject to interference from
the other transmitting nodes.

In addition to the non-cooperative network model, we also propose the use
of cooperation between one and one [HPUL Our analysis is restricted to a
simple cooperative model, illustrated in Figure 2.2 which also shows the notation
for success probability in each link. The Cooperative Underlay Scheme will be

described in more detail and analyzed in Subsection [2.3.2]
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A block Rayleigh fading channel is assumed in each link, with constant co-
efficients during one time slot. Let h;;(t) be the power gain of the link between a

source S; and a destination D; during time slot ¢. Then

hij(t) = (dij) ™" ci5(t), (2.1)

where d;; is the distance between source node S; and destination node Dj;, « is
the path loss exponent assumed to be the same constant to all links, and ¢;;(t) are
exponentially distributed random variables, which model the Rayleigh fading.

Denote with f;; the parameter that characterizes the probability distribution
of ¢;j, so that the expected value is E(c;;) = p;;. The channel gains are assumed
to be identically distributed, and independent between different links and different
time slots, and defined as

9ij = pij (dij) ™" (2.2)

We also assume that [LPU] transmitting with the same power have the same
interference effect on other users, and are affected similarly by the transmissions
of the [HPUl This symmetry assumption considerably simplifies the presentation of
the results, considering only the number of contending nodes, which is one of the
most important parameters for the energy efficiency [21]. The asymmetric case can
be handled in a similar manner, but it is necessary to keep track of the arbitrary
channel coefficients, increasing the mathematical burden.

We restrict our analysis to the case of single user detectors, assuming that

the receivers treat the interfering signals as noise. Let 7;(¢) denote the Signal-to-
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Interference-plus-Noise Ratio (SINRI) for user i at time slot ¢, defined as

0%+ s hii () Py’

Vi(t) = (2.3)

where 02 is the power of thermal noise at the receiver, P; is the power used by the
transmitter in link (S; — D;), and P is the transmission power of the interfering
nodes. We allow P, = 0 if the interfering node S}, is silent during time slot .

A generalized packet erasure channel is assumed, and we say that a packet is
successfully received at the destination node D; if v;(t) exceeds a threshold denoted
with ;. This threshold is a constant depending on many system parameters, such
as terminal sensitivity, modulation, coding, desired bit-error-rate (BER) and trans-
mission rate. The complete characterization of the threshold 5; is out of the scope of
this work, but it is always an increasing function of the rate, and decreasing function
of the Bit Error Rate (BER]). As an approximation for a feasible transmission rate,
we use r; = logy (1 + f3;).

Instantaneous error-free Acknowledgment Message (ACK]) is assumed to be
available to the source nodes through a dedicated control channel of negligible band-
width. The success probability for a packet transmitted through link (S; — D;) is
described by P(v;(t) > f;), calculated as in (2.4)), for any number of interfering

nodes. The complete derivation can be found in [66].

P(v; N _51'02 ‘gkipk -
() > fi) = exp | — 5 IT(1+ bp ) (2.4)
1+ 1 k?fl -1

Let N be the number of [LPU] that are active in a time slot. We denote with
q(()N) the probability that destination Dy will successfully receive a packet sent by
source node Sy, under the interference of N other[LPUL, N € {0,1,...,n}. Given the
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assumption of a random access channel, with a common transmission probability p
for all [LPUl the number of interfering nodes is a binomial random variable, N ~
B(n, p). Under the symmetry assumption, the success probabilities are the same for
all [LPUL

To define the transmission power, we assume that partial channel state infor-
mation (statistics) is available at the transmitter. The transmission power of the

[HPUl is then selected to achieve a target success probability q(()o) =0,(0<0<1).

Using ([2.4), it results that

py— D (2.5)

_900 log(6))

In the case of Underlay spectrum sharing, the [LPU] are allowed to transmit
under some power constraint. To model the power constraint imposed to the [LPU],
we define an interference tolerance factor, denoted with 7, (0 < 7 < 1), which
describes the acceptable reduction in success probability of [HPU], due to the presence
of LPUl This new parameter leads to an alternative approach to design cognitive
networks.

The total number of [LPUl was denoted with n. Let the [HPUl impose a con-
straint of the form

n 0
@’ > (1—1)g.

That is, the worst case success probability for the [HPUl does not suffer a reduc-
tion greater than 7 x 100%, in comparison to the success probability without any
interfering nodes.

Under the symmetry assumption, the power constraint imposed to the [[PUlis
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P
PZ-S—O@(Q—T)—%—l), i=1....n (2.6)
Bo gio

The right hand side in (2.6 is the maximum transmission power to be used

by each [LPUL Throughout the paper, the index ¢ = 1 is used to identify parameters

related to the [LPUl The maximum transmission power will be denoted with P,

2.3 Throughput and Energy Efficiency

2.3.1 Non-cooperative cognitive network

We assume that n[LPUlshare the channel with the [HPU], without cooperation.
Low-priority users transmit in a time slot following the etiquette defined by the
spectrum sharing scheme, as described in Section [2.2]

The throughput is calculated in bits per second multiplying the feasible trans-
mission rate r;, the transmission probability p;, and the success probability ¢;. That
is, the throughput is defined as T; = r;p;q; bits per second.

The energy efficiency is calculated as the ratio between the number of bits
successfully transmitted in a time slot of duration L and the energy spent in that

time slot. The energy efficiency, in bits per Joule, is then defined as

_ Ll _
nZ_BL_

(2.7)

] P!

In order to describe the throughput of the [HPUlwe define the auxiliary variable

P,
ag = /80910 1. (28)




Also, according to the power allocation for the [HPU] defined in (2.5)), we have

_ 5002
0 = exp <_900P0> . (2.9)

Theorem 2.1 (Throughput of High-Priority User). The throughput of the [HPU,
when it transmits with fived feasible rate ro, sharing the spectrum with n|LPU, using

the Interweave, Underlay, and Hybrid schemes, is given respectively by:

ag "
Toy =106 1-— 2.10
0,U Topo < 1+ aopU) ) ( )
ao "
Tor =160 1-— 1-— 2.11
0,1 ToPo < 1r (lopl( Qd)> ) ( )
T = ram (1 2 (a1 = Qa) 4 pQa)) (2.12)
+ ag

Proof: The throughput of the [HPU] with the Underlay spectrum sharing
scheme is calculated averaging the success probability with respect to the number

of interfering nodes, as

Tov = WOZ ( >pU (1—pv)"a. (2.13)

The result in is obtained using the definition in for the success
probability q(()i), as well as the definitions in and that simplify the final
expression.

Next, consider the Interweave spectrum sharing scheme. If k£ out of n [LPUl
fail to detect the signal from the [HPU] during spectrum sensing, and 4 out of k
[LPUl transmit in that time slot, then the transmission of the [HPUlis successful with

probability q . The throughput is then calculated as

Tor = T’OPOZ (Z) 1 — Q) Qn kz ( )PI 1 —Pl)k Z (Z)- (2.14)
k=0
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Using the success probability as defined in , and the definitions in
and , after some algebra, we obtain .

To calculate the throughput with the Hybrid spectrum sharing scheme, con-
sider n [LPUl and k out of n missed detections. Among these k [LPUl each will
transmit with probability p;. But the group of [LPU] that correctly detected the
transmission from the [HPUl may also transmit in the same time slot. Among these

n — k users, each will transmit with probability py;. The throughput is calculated as

To,HzropoZ(Z) Qo kz( )pf 1= o)

X nZk ( )p]U (1= pu)" " 7gf (2.15)

Jj=

After some algebra, we obtain (2.12)), using the success probability in (2.4)),

and definitions (2.8)) and . [ |

The energy efficiency of the [HPUl is then calculated dividing the expressions
— by the transmission power Fy, defined in .

Next we describe the value of transmission power that maximizes the energy
efficiency of the [HPU] with Underlay spectrum sharing, if all the other parameters

are held constant.

Proposition 2.1 (Optimal Transmission Power with Underlay). With the Under-

lay spectrum sharing scheme, the transmaission power Py that maximizes the energy

efficiency no for the [HPU is P}y = Boo®

goo

Proof: Let each [LPUl transmit with power P, = mP{"* i=1,2,...,n,

where m is a positive real constant value, common to all [LPUL It is straightforward
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to verify that the proposition holds for any value of m. Using the expression for F,
in , and the P as in , the auxiliary variable defined in (2.8) assumes
the value ag =m [(1 — 7)Y/ —1].

From the definition in , and the expression for throughput of the [HPUI
using Underlay spectrum sharing in , the energy efficiency of the [HPU] can be

written as

No,u = —pPoTo 9002 [1 — PUu } 6log(). (2.16)

Qo
500' 1 + Qo

Therefore, the energy efficiency can be written in the form 7oy = K6log(),
where K does not depend on . With all other parameters constant, an extremum of
n with respect to € occurs in the open interval (0, 1), and satisfies Ong /00 = 0. As
a result, the extremum is obtained with * = e~!. Using , we obtain P} = BQOT‘ZQ.

|

Note that P} does not optimize the throughput for the [HPU] as the through-
put is an increasing function of power, but it optimizes energy efficiency for fixed
transmission rate rg, probability pg, and tolerance factor 7.

The result in Proposition still holds exactly for Interweave and Hybrid
spectrum sharing schemes if the detection probability is held constant with respect
to the power Py, while other parameters in the detector are adjusted accordingly.
In our numerical evaluations we observe that the result in Proposition [2.1|is a good
approximation even if (), is varying with 7

The throughput for one [LPU] (target LPU, ¢ = 1), is calculated under the

symmetry assumptions described in Section 2.2l To simplify the final expressions,
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we define

901
ap = , 2.17
' 61911P1 (2.17)
/3102)
v=exp|— ) 2.18
P ( g P (2.18)

Additionally, define the probabilities that a[LPU will access the channel in the
case of Hybrid spectrum sharing scheme, with a Busy or Idle channel, respectively,

as

pir = (1= Qa)pr + Qapu (2.19)

pir = (1= Qy)pr + Qrpu (2.20)

Theorem 2.2 (Throughput of a Low-Priority User). Under the symmetry assump-
tion, the throughput of aLPU, when it transmits with fized feasible rate ry, sharing
the spectrum with (n—1) other[LPU and the [HPU, subject to the constraints imposed

by the Underlay, Interweave, and Hybrid schemes, is given respectively by:

n—1
Tl,U =Uripu (u_i—oal) + (1 — po)) (1 — pUl flﬁl) (221)
_ po(l — Qa)
Tvr=vripr [—(1 ) (1 —pr(1— 1 n 51)

+(1 = po)(1 — Qf) (1 —pr(1 — Qf

) e

/6 n—1
Tl,H =UVr |:—p0 )pg <1 B ! )

(14 ay Py 2
n—1
(1 po)oly (1 - pz%) ] (2.23)
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Proof: The proof follows the same reasoning used in the case of the [HPU],
averaging the success probabilities with respect to the number of interfering nodes.

When n[[LPUlare active in a time slot, the transmission suffers interference of i [LPU],

i €{0,1,...,n—1}. The definitions in (2.4) and (2.18) yield

@' =v(1+ )7, (2.24)

i P\~ .
qf’ =V (1 —+ 61 gOIPO) (1 + 51) .

g1l

In the case of Underlay spectrum sharing, each interfering node is active with
probability pr, and there are (n — 1) [LPUl that may cause interference, in addition
to one [HPU] which is active with probability py. As a result, the throughput is
calculated as

n—1
n—1 . . i
Thu=ripu {Po > ( ; )P?J(l —pu)" e

=0

w3 ("7 )bt = ol 2.5

i=0

We substitute the success probabilities as defined in , and utilize the
auxiliary variables in and to simplify the expressions. After some
algebra, we obtain the final formulation in (2.21)).

With the Interweave scheme, the number of interfering nodes depends on the
spectrum sensing results. First consider the case in which the [HPUl is active. If k
out of (n — 1) [LPUl cannot detect the signal from the [HPUl and ¢ out of & [LPUl
transmit in the time slot, the success probability of the target LPU is q? " If the
[HPUl is not active, the [LPUl that do not emit a false alarm may access the channel.
If [ out of (n — 1) [LPUl do not emit false alarm, and j out of I [LPUl decide to
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transmit, the success probability of the target LPU is q{ 7 Following this reasoning,

the throughput is calculated as
n—1 n—1
Tyr=ripo(1 = Qa)pr Y < i )(1 — Q)" Q"
k=0

k
XZ( )/71 (1= pn)* g

n—1
== QoY ("] ) a- ey
1=0
X Z( )pf (1= pn) g (2.26)

Using the success probabilities as defined in , the auxiliary variables in
and , and routine algebra, we obtain the final expression in ([2.22)).

In the case of Hybrid scheme, we separate the calculations in the two cases:
busy channel, when the target LPU transmits together with the [HPU| and idle
channel, when the target LPU may suffer interference only from other [LPUl In the
case of a busy channel, suppose that k out of the remaining (n — 1) [LPU] fail to
detect the signal from the [HPUl Each of these k will transmit with probability p;.
Say 4 out of k [LPUl will transmit in the time slot. The other [LPUl that correctly
detected the presence of the [HPUl may also transmit in the same time slot, and each

one does so with probability py. Following this reasoning, the throughput of the

target [LPU] with Hybrid spectrum sharing is calculated as follows:
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n 1 1
T1,H:T1popgz< Qk )(1—Qd)kQ2 1ok
k=0
bk
(1 — k—i
<3 (5ot
n—1—k
n—1—k\ ; s B
<3 ("TITR) priige
=0 J

n—1
n—1 nel—

+r1(1—po>p§12( N )(1—Qf)’“Qf o

k=0

Yk
XD (,L»)p}(l — o)
n—1-—k\ ; .

<3 (T R)e prtgle, (227)

Once more, we substitute the success probabilities as defined in ([2.24]), and
the auxiliary variables in (2.17) and (2.18]), to obtain the final expression in (2.23)).
|

The energy efficiency of the target LPU is obtained dividing the expressions in

(2.21))-(2.23)) by the transmission power, which has to satisfy the constraint in ({2.6)).

2.3.2  Cooperative Cognitive Network

In this Subsection, we describe the proposed spectrum sharing scheme, in-
spired by the non-cooperative Underlay scheme. The Cooperative Underlay scheme
assumes the network topology illustrated in Figure

In each time slot, the [HPU] and the [LPU] transmit simultaneously. The [LPUl
relays packets from the [HPU] as a repayment for the caused interference. Error-

free acknowledgment messages are assumed to be available to both users through a
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control channel of negligible bandwidth. If the primary destination fails to receive a
packet, then a cooperation frame is initiated. In a cooperation frame, the [HPUl will
retransmit the packet until either the destination Dy or the relay node S; receive
it. If the relay node receives the packet before the destination, it will assume the
responsibility to deliver the packet.

Let X denote the number of time slots in a cooperation frame. Let Xgg be the
number of time slots used for transmission between Sy and Dy using the direct link,
X1 be the number of time slots used for transmission between Sy and Sy, and X
denote the number of time slots used by S; to relay the packet to Dy. The variable

X is described by

Xo1 + X0 if {Xo1 < Xoo},
X = (2.28)

Xoo else

(1)

Following the notation for success probability under interference, we write g;;
for the success probability of a transmission from source node 7 to destination node
j under interference of the other user. The variable X;; € {1,2...} has Geometric
distribution with parameter ¢;; and the expected value is E(X;;) = 1/¢;;. We are
interested in the probability P({Xo < Xoo}) , and the calculation steps are shown

below.

We calculate the probability of the event { X9 < Xo1}, conditioning on Xoy,

P({Xoo < Xou}) = Y (1= (1= qoo)") P(Xo1 = )
=1- Z(l — 400)" (1 — qo1)" g
- oo (2.29)

qoo + qo1(1 — qoo)
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Then calculate P({Xo1 < Xoo}) =1 — P({Xo0 < X01}), and we obtain

qo1(1 — qoo)
qoo + qo1(1 — qoo)

P({Xo1 < Xoo}) = (2.30)

The expected value of the random variable X defined in ([2.28) will be denoted

with X, and calculated using the result in (2.30)),

E[X] = E[X|Xn < Xoo/P(Xo1 < Xoo)
+E[X | X0 < Xo1]P(Xo0 < Xo1)
= E[Xo1 + Xi10|Xo1 < Xoo]P(Xo1 < Xoo)
+E[Xo0| Xoo < Xo1]P(Xoo < Xo1)

= E[min{Xoo,Xm}] + E[Xlo]IP(X()l < X()())

_ Gt qo1(1 — qoo)
q10(q00 + o1 (1 — qoo))

(2.31)

Figure illustrates an example with a few time slots in which the relay as-
sumes the responsibility to deliver the packet. The cooperation frame is shaded and
identified with (HPU-+R). In the detail, the [HPUl retransmits the packet for a num-
ber X7, of time slots, until the relay successfully receives it. The relay then transmits

for X9 consecutive slots, until the destination receives the packet successfully.

Theorem 2.3 (Throughput and Energy Efficiency of High-Priority User With Co-
operative Underlay). Let the [HPU transmit packets with ko bits, in time slots of
duration L seconds, using power Py. The throughput of the [HPU, in bits per second,

1s calculated as

(1)
© _ ko[ @ | 1—qup

/ = — + —= ) 2.32
0 I (%0 X 1) ( )
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Success Success HPU Fail Cooperation

HPU+ LPU|HPU + LPU|HPU + LPU HPU + R HPU + LPU

X slots Time
'_“,..'Fail"'wRelay Received  Fail Fail Succééé‘x,'
HPU HPU R R R
X1 slots Xy slots

Figure 2.3: Cooperative Underlay: Cooperation frame example.

The energy efficiency of the [ HPU, in bits per Joule, is

-1
k 1— gl
77(()0):_0 (1+ ( doo ) ) ' (2.33)

RL qoo + qo1(1 — qoo)

Proof:
The expression for the throughput follows from the cooperation scheme, as the

[HPU] transmission will require one time slot with probability q[%), and it will require

an average of X + 1 if a cooperation frame is initiated.

The energy to transmit a single packet is described by the random variable

¢

RL, a0

Y

© _
Ey” =19 PL(1+ Xo1), (1—¢))YP{Xo1 < Xoo}), (2.34)

PyL(1 + Xoo), (1= g6g))(1 = P({Xo1 < Xoo}))-

\

Let E(X;;) = X;;. The expected value is calculated assuming independence of
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Xoo and Xp1, using the results in (2.30]), which yields

O =
+ PoL E[l + X01|X01 < Xoo](l — q(()é))IP(X()l < X()())
+ PyL E[1 + Xo0|Xoo < Xon(1 — q(()(l)))IP(Xoo < Xo1)

= L (14 (1~ gy YElmin{ X, X.}))

1— gV
=PL |1+ 00 : (2.35)

qoo + qo1(1 — qoo)

The energy efficiency, in bits per Joule, is

©) _ _Fo
Mo = = ) (236)
EY
which, together with (2.35)), yields ([2.33]). [

Theorem 2.4 (Throughput and Energy Efficiency of Low-Priority User With Co-
operative Underlay). Let the [LPU transmit packets with ky bits, in time slots of

duration L seconds, using power P.

The throughput of the [LPU, in bits per second, is

(1) (1)
© _ kg [ @ 1= gm0
T7\¢) = 24 4 100} 2.37

! L <q°° X +1 ) (2.37)

The energy efficiency of the lLPU, in bits per Joule, is

©) quu) CI01(1 - %0)(1 - q(l)) -
=1L 14 20 : (2.38)

Gy ¢10(qoo0 + qo1(1 — qoo))
Proof:
The throughput of the[LPUlis affected by the time slots spent relaying packets
for the PUL A transmission from the [[PUlis successful with probability qﬁ), and
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it takes one time slot if the simultaneous transmission from [HPUlis also successful,

which occurs with probability q(%)

. Otherwise, if a cooperation frame is initiated,
the average interval is 1 + X time slots.
To calculate the energy efficiency, we include the energy spent in relaying. The

energy used by the [LPU] to transmit a single packet using the Cooperative Underlay

scheme is described by the random variable

(

PiL, o0
() _
El - PIL(]_ + Xl()), (1 — q(()(l)))IP({X()l < X()()}), (239)
AL, (1 — qi) (1 = P({Xo1 < Xoo})).

\

The expected value is calculated as in the case of [HPU] and we obtain

(1)

_ 1 _— 1—

BO = pr (14 @0 @)l Zd) (2.40)
q10(qoo0 + q01(1 — qoo))

The energy efficiency, in bits per Joule, is then obtained calculating the ratio

e8]

©  koqyy

p© = 2L (2.41)
1 Eéc)

which, together with (2.40)), yields ({2.38]). [ |

Consider now that the relay node has the ability to transmit and receive si-
multaneously (full-duplex). Note that the relay node S; is a common node between
links (Sp—S7) and (S; — D;), and a transmission in (S; — D7) would cause interfer-
ence with the reception in (Sp — S1). In this case, the self-interference in the relay
node has to be taken into account.

Different methods have been proposed to address the self-interference problem,
but the study of self-cancellation mechanisms is out of the scope of this work. It
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is assumed that the node S; is capable of applying some interference cancellation
mechanism, which is modeled as a (deterministic) variable power gain between the
transmitter and receiver [31]. The self-interference is parametrized by a scalar g €
[0, 1], with g = 1 if no interference cancellation mechanism is applied, and g = 0 if
perfect cancellation is achieved.

The probability that the relay node S; will successfully receive the packet from

So, while it was transmitting its own data in the same time slot is

W _p ho1 Py -
o1 (02 + 9P b

=P (h(npo > 51(02 +9P1>)

_ _51(02+9P1)>
= exp < B ) (2.42)

The superscript (SI) is used in what follows to identify the expressions as

results that consider the self-interference.

Theorem 2.5 (Throughput and Energy Efficiency of High-Priority User with Ful-
I-Duplex Relay). Let the[HPUO transmit packets with ko bits, in time slots of duration
L seconds, using power F.

The throughput for the [HPU, in bits per second, using Cooperative Underlay

with full-duplex relay, is

1 1 1 1
risn _ ko < o Q=g —ay)) | (1- qéo))QS1)> '

o T | oo X +1 Xig+1
The energy efficiency for the [HPU, in bits per Joule, using Cooperative Un-

derlay with full-duplex relay, is

-1
1 1— oWy — W
S0 _ o<1+< a1 —ai)) (243

- RL qoo + qo1(1 — qoo)
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Proof:
A transmission from the [HPU] is successful in one time slot with probability
q(()(l)). Otherwise two cases unfold. If the relay received the packet in the first time,
it takes an average of 1+ Xj slots until Dy receives the packet. If the relay did not
receive the packet, which occurs with probability 1 — q((]ll)7 then a cooperation frame
is initiated, and the packet transmission takes 1 + X time slots.

The energy spent by the [HPU] to transmit one packet is described by the

random variable
(

PL a5y + (1= gio)asy,

(sry _
Eg™ =9 PL(1+ Xo1), (1—a5)(1 — a5 )P({Xor < Xoo}),

PyL(1+ Xoo), (1= aso)(1 —g57)(1 — P({Xo1 < Xoo})).

The expected value is calculated similarly to the other cases, and as a result

(1) (1)
_ 1-— 1-—
EéSI) — BL (1 + ( dpo )( do1 )) ' (2'44)

qoo + qo1(1 — qoo)

Energy efficiency, in bits per Joule, is calculated as the ratio between bits per
packet and average energy per packet,

(sn ko

g = 20 (2.45)
0 E(()SI)
which, together with (2.44]), yields (2.43). [ |

2.4  Performance Trade-Offs

In this Section we discuss important trade-offs and challenges in the design of
energy efficient cognitive wireless networks, given the multitude of parameters to be

selected.
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For the generalized collision channel model, we assume that all users require
a fixed [SINR] and we set the threshold 3; = 0.2, 7 = 0,1,...,n. High-priority and
low-priority source nodes are assumed to transmit with a fixed, feasible rate. We
assume unit bandwidth, and use Shannon’s formula to relate transmission rate and
Bi, as an approximation, that is, r; = log, (14 3;) bits per second. The thermal noise
added at the receiver is assumed to have power 1 mW. Unless otherwise stated, we
suppress the channel power gains, making ¢;; = 1.

For the channel access, we assume that the PU transmits with probability
po = 0.5. The [LPUl transmits with probabilities py = 0.5 and p; = 1, with the
Underlay and Interweave schemes, respectively. The interference tolerance is set to
7 = 0.1 in the results for non-cooperative networks, and 7 = 0.2 in the results for
cooperative networks, unless otherwise is stated.

In most figures, we change the transmission power of the [HPU] varying 6 over
the open interval (0,1). The transmission power P, is determined by . We
assume that the [LPUl transmits with maximum power, as determined by the con-
straint in . Therefore, increasing 6 increases the transmission power of both
[HPU and [LPU] and we can observe the energy-throughput trade-off. The detection
probability will also change when F, increases, producing interesting effects in the

performance when spectrum sensing is required from the [LPUl
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2.4.1 Sensing Accuracy and Energy Efficiency

Reliability in spectrum sensing is desirable from the point of view of the [HPUI
and the[[LPU] as it reduces interference and improves efficiency in spectrum usage. In
this Subsection, we discuss the effect of the detection accuracy on energy efficiency,
assuming that all the [PUl can detect the presence of the [HPUl with probability Qg,
and emit a false alarm with probability Q).

A number of methods are presented in the literature to detect the presence of
signals in the channel, including matched filtering, energy detection, cyclostationar-
ity, and process models [67], [68]. To illustrate the trade-off between the accuracy
and energy efficiency, we use the formulations for (4 and (); in the case of energy
detection under Rayleigh fading presented in closed form in [69]. Nonetheless, our
observations are not restricted to the sensing technique, since only the probabilities
of error for a given transmission power are taken into account.

Figure[2.4]illustrates the trade-off between energy efficiency the detection prob-
ability, increasing the Signal-to-Noise Ratio (SNR]). The transmission power of both
[HPU] and [LPU] is increasing, and that is the reason we observe a proper trade-off,
with a single maximum for each curve. The value of (); that maximizes energy
efficiency of [[PU] is lager than the one that maximizes the energy efficiency of the
[HPU, hence the [LPUl may have more interest in sensing accuracy than the [HPUL
Note that larger values of energy efficiency for the [LPUl in comparison to the [HPU]
come at the expense of a smaller throughput for the [LPU], accompanied by smaller

values of transmission power.
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Figure 2.4: Energy efficiency versus detection probability with ¢, = 0.1. LPU
benefits from Hybrid spectrum sharing. LPU is more energy efficient due to lower
power, but has lower throughput.

Figure shows the effect of false alarm probabilities, with @)y = 0.1 and
Qs = 0.2. The figure is generated as Figure [2.4] increasing the [SNRI to change Q.
We observe that () can be selected so that the maximum energy efficiency is shifted
to a different value of @4 (and the corresponding transmission powers imposed by
the PU). The reduction in the maximum energy efficiency when the false alarm rate
increases is due to the missed transmission opportunities that result in a penalty in
the throughput of the [LPUL

Note that the curves for Underlay scheme are presented for comparison. This
scheme does not utilize the spectrum sensing, but the detection probabilities are
varying due to an increase in power transmission, which will also affect the perfor-

mance of the Underlay scheme.
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Figure 2.5: Energy efficiency of LPU versus detection probability. Effect of false
alarm rate.

2.4.2 Performance Trade-Offs in Non-Cooperative Networks

Figure illustrates the effect of the power constraint imposed on [LPUL For
a single user, the maximum transmission power may be larger than F,, depending
on the required by the [HPUL In this numerical example, P/*** = 1.25P,, and
the energy efficiency of the [LPUl is slightly larger than that for the HPUl As the
number of interfering nodes increases, the transmission power of the[LPUlis reduced
to protect the [HPUL Note that the [HPUl remains oblivious to the number of [LPU]
and its performance remains virtually unaltered. Figure illustrates the energy-
throughput trade-off for the [LPUl increasing 6 and the transmission powers. The
throughput of the [LPU]is not strictly increasing with power if Interweave or Hybrid
spectrum sharing is used, resulting in peculiar curves. This result indicates that

even if some desired throughput value is achieved, the energy efficiency of the [LPU]
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Figure 2.6: Energy-throughput trade-off with multiple LPU and Underlay spectrum
sharing. Effect of number of interfering nodes with 7 = 0.2.

may be significantly reduced, depending on the parameters selected by the [HPU]
the conditions for spectrum sensing, and the constraints on channel access.

The effect of the channel power gains is shown in Figure 2.8 which depicts the
energy-throughput trade-off for a single [LPUl In contrast with the case analyzed in
Figure [2.7] the present case considers that the transmission power Py remains fixed,
and also the detection probability remains fixed. The distance between source node
S1 and destination node Dy is increased, so that the interference caused by the [LPU]
is attenuated. We assume an attenuation factor a = 3. In this case, the maximum
transmission power of the [LPU]is allowed to increase, even though the power of the
remains constant. Note that the effects caused by spectrum sensing are no

longer observed.
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Figure 2.9: Energy efficiency versus interference tolerance factor 7, for non-
cooperative and Cooperative Underlay spectrum sharing. Half-duplex relay. 6 =

exp(—1).

2.4.3 Performance Trade-Offs in Cooperative Networks

The energy efficiency for both the [HPUl and the [LPU] is depicted in Figure
versus the interference tolerance factor 7. For the [HPU| the advantage of using
cooperation increases with the interference caused by the [LPUl For the [LPUl we
observe a trade-off between energy efficiency and 7, since the maximum transmission
power increases with 7. Consequently, it is not straightforward that the [LPUl should
increase transmission power, even if the [HPU] accepts more severe interference.

Figure 2.10] presents the energy efficiency of the [HPUl versus 7. Reducing the
parameter g is equivalent to a more efficient self-interference cancellation technique.
The highest values of energy efficiency are achieved with perfect cancellation (g = 0),

which can be regarded as an upper bound for the energy efficiency of this cooperative
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Figure 2.10: Energy efficiency of HPU versus interference tolerance factor 7 with
cooperative underlay spectrum sharing and 6 = exp(—1). Effect of self-interference
cancellation: no cancellation when g = 1, and perfect cancellation when g = 0.

scheme. The corresponding energy-throughput trade-off is shown in Figure [2.11],

where the advantage of a full-duplex relay node is validated once more.

2.5 A Game Model for Cooperative Cognitive Networks

In the present chapter, we have already investigated one scheme for coopera-
tion between the [HPU] and the [LPUl The scheme presented earlier was based on
the Underlay spectrum sharing, and assumed that the [LPU] could transmit simul-
taneously with the [HPUl as long as it was willing to cooperate when necessary.

In this Section we present a different approach for cooperation, assuming that
the [LPU] will be allocated part of the resources for exclusive use, in exchange for
a period of cooperation. The system model consists of two point-to-point wireless

links sharing the same channel, one pair is the [HPU| while the other pair is the
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Figure 2.11: Energy-throughput trade-off for HPU with cooperation from LPU.
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cancellation when g = 0. Interference tolerance 7 = 0.2.

[LPUl The cooperative spectrum sharing scenario analyzed in this Section assumes
that the low priority source node relays packets from the high priority source node,
in exchange for an interval to transmit its own packets.

We consider a time frame of duration L, to be allocated between three activi-
ties: the high- and low-priority users’ individual transmissions, and the cooperative
relaying. Each time frame is associated with a cooperation cycle, characterized by

two variables, @ and . In each frame, the channel is allocated as follows [3§]:
e Phase I: only the HPU transmits its data for (1 — a))L seconds, (0 < a < 1);
e Phase II: the LPU relays HPU’s data to Dy for aSL seconds, (0 < g < 1);
e Phase III: the LPU transmits its own data for a(1 — 3)L seconds.

Figure [2.12(a)| illustrates the network model with the four nodes. The
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Figure 2.12: System model for game theoretic approach for cooperation. The net-
work model in [2.12(a)| shows the [HPUl and the [LPUl which is also a relay. The

phase of the resource allocation scheme and the transmission rate are shown in each

link. The time allocated for each phase within a frame is illustrated in [2.12(b)

and [LPU are identified with index ¢ = 0, 1, respectively. The source nodes are
denoted with Sy and Sy, and the destination nodes with Dy and D;. The picture
indicates the communication links that are active in each phase, and the transmission
rates in each link. Figure [2.12(b)|presents the channel allocation model for one time
frame, to be determined by the game model.

We consider once more the block Rayleigh fading channel, assuming the chan-
nel gains to be constant during one time frame of duration L. The nodes transmit
with power P, and White Gaussian Noise is added at the receiver. Denote with ;;
the of signal from source node i received at node j, with i,j € {0,1}. The

transmission rate is approximated using the Shannon capacity formulation. That
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is, the transmission rate between nodes ¢ and j is given by 7;; = logy(1 + ;).
A Decode-and-Forward (DF) relaying method is assumed at the [LPU], hence

at phase II the [[LPU] forwards the fully decoded message received from the source of

[Pl

2.5.1 Game Definition

A reputation-based Stackelberg game is proposed to model the interactions
between the [HPU] and the [LPUl in a cooperative spectrum sharing scenario. A
two-player game is defined, with the [HPUl as a leader and the [LPU] as a follower,
to obtain the optimum time allocation of spectrum in a fair and energy-efficient
manner.

In what follows, the round & of the game will be identified with the superscript
k, k € {1,2,...}. The users’ parameters are identified by the index 7, i € {0, 1}.
The game is run for each time slot. In each round of the game, the players interact
to define the variables o and $*, which determine the time allocation for [HPUI
transmission, cooperation, and [LPUl transmission, as described in Figure The
two source nodes are assumed to communicate with each other using a low rate
dedicated control channel.

The decisions of the users take into account the reputation of their opponent,
represented by a cooperation credit. In order to keep track of the users’ reputation
through a cooperation credit, the users’ strategies in each round are defined as

intermediate variables, which have impact on both the cooperation credit, and the
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values of o and f*.
The remaining of this Subsection describes in more detail the four elements
that define our game model, namely the strategies, the cooperation credits, the

recursion rules for o and 3, and the utility functions.

2.5.1.1 Users’ Strategies

The strategy of user 4 in round k is defined as an intermediate variable s,
taking values in a set S. The set S is assumed to be a closed interval on the real
line, S = [Smins Smaz), Where 0 < Spin < Spaz < 1.

In general, the strategy s¥ incurs variation of user i’s cooperation during game
round k. If the opponent has positive credit history, s¥ will result in an increase of

the i-th user cooperation time, while for an opponent with negative credit history,

k

s? results in a reduction of the i-th user cooperation time.

In a Stackelberg game, the strategies are presented sequentially. In each round,
the leader [HPUl selects sf which optimizes its own utility, denoted with U} (s, s¥),
assuming that the [LPU] is a rational player and it will respond to the leader’s
action with its best strategy. In other words, the [HPUl maximizes its own utility
anticipating the reaction of the [[PUl The best response of the [LPUlis the strategy
that maximizes its own utility, U (s, s¥), and it depends not only on the action of

the [HPU], but also on the cooperation credits and other parameters. The detailed

description of the optimization problems is provided in Subsection [2.5.2]
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2.5.1.2 Cooperation Credits

The cooperation credits are defined as a mechanism to encourage cooperation
by using the reputation of the users. The reputation of the [HPUl is based on its
willingness to lease the spectrum to the LPUL For the LPU, the reputation is based
on how reliable it is in forwarding the relayed packets from the [HPUL Both users are
encouraged to sustain a good reputation, so that they can benefit from cooperation
in subsequent periods. In the common Stackelberg game models, the solution of each
round of the game is obtained by the one-shot backward-induction process [70]. In
our proposed Stackelberg game model, the reputation of the users is included in this
process, encouraging the cooperation among the users.

The cooperation credit, denoted with C¥, encapsulates the history of the co-
operative behavior of the user, reflecting its willingness to cooperate in consecutive
game rounds up to, but not including, round k. To represent this concept of will-
ingness, C* assumes values on a symmetric interval [—C, C], with negative values
representing lack of cooperation, and positive values representing willingness to co-
operate. The use of a single parameter avoids the need to keep track of all the
actions of each user, saving memory space and simplifying the game model.

The cooperation credit is calculated using a recursion rule, with initial value
C?, updated based on the user’s selected strategy and on the opponent’s willingness
to cooperate. The credit should be reduced if the opponent’s credit is positive,

but the selected strategy is not cooperative. The credit should be increased if the

opponent’s credit is positive and the selected strategy is cooperative. With this
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reasoning, we define the credit change as
ACH = (2% —1)sgn(C*)), k>0, (2.46)

where C*,

is the credit of the opponent, and sgn(z), x € R is the Sign function,
defined as +1 for non-negative values, and —1 for negative values of z.
To accumulate credit history, the recursion rule is defined with initial value

C? and updated as

O = Ok 4 ACE, | > 0. (2.47)

2.5.1.3 Recursion Rule for o and

The ultimate goal in each round of the game is to define o* € [0,1] and
B* € [0,1]. The game is initiated with values a® = 0.5 and 3° = 0.5. The recursion

rules that update these variables are as follows:
o = max (0, min(e* " + a,s{CY, 1)), k> 1, (2.48)
B* = max (0, min(8* " + B,s1C5, 1)), k > 1, (2.49)

where the functions max and min are used to bound the values in the interval [0, 1],

and o, and S, are nonzero constant steps to modify « and [, respectively.

2.5.1.4 Utility Functions

To complete the game definition, we define the utility functions of the players.
The proposed utility functions account for energy efficiency and fairness in coop-
erative spectrum sharing, and consist of two parts, namely the throughput utility
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Ui+ and the energy utility U;., where subindex ¢ identifies the HPU (i = 0) and
the LPU (i = 1). In round k of the game the users select their strategies s¥ with
the objective of maximizing the throughput and minimizing energy. Therefore, the

utility functions are of the form

Uég(slga Slf) - U(I;,t - Uéf,ea (250)

Ut (sg, st) = Uf, — Ut (2.51)

The energy utilities U; . are functions of the energy spent with transmission
during the time slot &k, and they introduce a cost of transmission to improve energy

efficiency. The energy utilities are defined as

U§. = 0o(1—a")P, (2.52)

Uf. = 61a"(1 — B*)P + 650" B" P, (2.53)

where &g, 01 and d9 are normalizing coefficients, necessary to make rate and energy
comparable. We will refer to the coefficients g and 6, as transmission costs for [HPUI
and [LPU] respectively. We will refer to dy as the cooperation cost coefficient.

The throughput utility of each user is defined as the logarithm of its achievable
rate to incorporate the fairness in spectrum sharing. Although we consider a non-
cooperative game, the use of logarithmic utility functions still assigns higher priority
to the user with lower effective rate, approximating the proportional fair resource

allocation introduced in [71].
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For the LPU, the transmission using a single link between S; and D, with

rate 711, results in the following expression for the throughput utility:
U, = log(1+ o*(1 = 5*)ryy). (2.54)

Remark 1: For the [LPU], we sum one unit to the effective rate, to avoid the
utility function convergence problem at o = 0 and assign a zero value to it for no
cooperation between the users.

For the [HPU| the transmission using both the direct path and the relay path
requires a more elaborate expression for the throughput utility. A single-relay system
with decode-and-forward (DF') and Time Division (TD) was considered in [72], where
one cooperation cycle is divided into two phases: the relay is either in receive (RX)
or in transmit (TX) mode.

In our proposed system model, we assumed that the[HPUlis silent in the second
stage. Let the transmission powers be P. Considering the Decode and Forward (DF])

relaying method at the [LPUl the achievable rate of the [HPUlis [72]

1l—«
logy (1 + [ho1|* P),

Ry = min{

l—a o
o1+ [haP) + % loga(1+ 1)} (259

The final expressions for the utility functions are

1—ak 1—ak k

k
U(’f(Sé, 8?) = lOg (mm{ 5 To1, 9 Too + 0625 7’10}) — 50(1 — Oék)R256)

Ur (s, st) =log (14 a®(1 = B*)ri1) — 610%(1 — B¥)P — 6,0* 8P, (2.57)
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2.5.2  Equilibrium Analysis

In this Subsection, the equilibrium of the proposed Stackelberg game model
is analyzed. In each round of the game, the players take their actions sequentially,
in order of priority, noticing the credit of each other. At the first stage, the [HPU]
(leader) optimizes its utility, under the assumption that the [LPUlis rational and it
selects its best strategy in response to the leader’s strategy. At the second stage,
the [LPU] (follower) selects its optimal strategy observing the strategy of the [HPU

Hence, the equilibrium solution can be found by a backward-induction process.

Theorem 2.6 (Stackelberg Equilibrium). The Stackelberg equilibrium of the pro-
posed model exists in each round of the game, and it is unique if o # 0, ¥ # 0,1
and Cf # 0.

Proof: The leader of game (HPU) maximizes its own utility with respect
to its own strategy sk, assuming the LPU’s rational reaction s}. This is a single
parameter maximization problem, for which the solution always exists, and is unique
if for any sf, there exists only one possible LPU’s reaction, s§. For any given strategy

of the [HPU], the optimal response (rational reaction) of the [LPUl denoted with 3%,

is obtained by solving the following optimization problem:

max Uk (sk s (2.58)

51

s.t. Smin S Slf S Smaz-

The inequality constraints in optimization problem ([2.58)) are affine functions,
and the objective function is strictly concave if o* # 0 and CF # 0, since the second
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derivative is

82Uf O{kﬁsc(])c’l"ll 2
R S < 0. .
dsk? (1 +ak(1 - 5"“)7”11) =0 (2:59)

Hence, under these conditions the convex optimization problem ([2.58) admits

a unique solution s¥. Following the KKT conditions, the solution 5% assumes one of

the three values in (2.60)), based on the HPU’s strategy and system parameters.

p

Smin
k
= woth (2.60)
cst +d
877’1(133
\
where, a,b,c and d are constant values, defined as follows:
a=a,Cy(1—p""),
L A () B
11 (51 — (52)P
c= aSBSC'gC’f,
d=a"1B,Cp.
The best response of the [HPU] 5% is then obtained as a solution to
max Uf(sh, 35). (2.61)
S0

subject to the constraint s,,;, < 3'5 < Syaz-

The special cases of o = 0, ¥ = 0 and 8* = 1 result in trivial time allocations:

(i) individual transmission for HPU during whole time frame if o = 0, (ii) no

cooperation if 3 = 0, and (iii) no individual transmission for LPU if 8 = 1. CF =
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0 refers to the case that the [LPUl has no ground to judge whether the HPU is
cooperative or selfish, hence it takes the strategy of the previous round.
Consequently, under the conditions o # 0 and CF # 0, the existence of the
Stackelberg equilibrium is ensured. Moreover, noting equation , under these
conditions the utility of the [LPUlis strictly concave, hence the solution of the game

is unique. |

Theorem 2.7 (Nash Equilibrium). The solution of the proposed game in each round,
(5k,5%), is a Nash equilibrium.

Proof: A strategy set (sk*, si*) achieves Nash equilibrium if, and only if

Vi€ {0,1}, VsF € S,

UK(s*, s2%) > UF(st, ), (2.62)

1 \1 ) —g

where s* ;. denotes the strategy of the opponent of player 4 in round k of the game.

The Stackelberg equilibrium solution (3£, 5%) is obtained with the backward-

induction process, as described in Theorem 1. First the leader (HPU) selects its
strategy to maximize its utility UF(sk, s¥(sk)) with respect to sk, where s¥(sk) is
the corresponding optimal response of the [LPUL Once the strategy 5§ of the [HPU]
is announced, the [LPUl selects its best response 5} = s¥(s5), which maximizes the
utility UF(5F, s¥) with respect to s¥. Under the conditions in Theorem 1, this optimal
strategy is unique for any choice of HPU’s strategy. The solution (5%, 5%) is achieved
upon observing the best strategy of the [HPU| 5, by the [LPUL Therefore, at both
stages of the backward-induction process, the players set their strategy as the best

possible response to the other one, which follows the definition of Nash equilibrium.
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Figure 2.13: of versus 7, for different values of vqo, k = 12.

In other words, UF(s%, 5¥) can not be improved by varying s¥, since it violates the

aforementioned Stackelberg optimization procedure. Hence, it is concluded that

Stackelberg solution of the game is a Nash equilibrium. [ |

2.5.3 Numerical Results for Game Model

In Figure [2.13] we show the behavior of the parameter o when varying the
quality of the relay channel, represented by the in the link (Sp-S;), denoted
with v91. We set y10 = 20 dB, 711 = 10 dB. As shown in Fig. [2.1I3 for small
values of 71, a small value is obtained for parameter «, meaning that the HPU
prefers to use the direct link noting the bad quality of the relay channel. When ~q,
becomes larger than vy, the HPU is encouraged to cooperate, since the achievable

rate can be improved by using the relay. Therefore, we observe that « increases
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with increasing 7p1, resulting in a larger interval allocated for cooperation. We also
observe that for a smaller value of vy, o assumes larger values. This is because a
smaller 7 represents worse conditions in the direct channel, which also encourages
cooperation.

In Figure [2.14] we present the behavior of the parameter S while varying the
cooperation cost coefficient d,. We set (o, d1) = (0.7,1.8), v00 = 5 dB, 710 = 20
dB, 711 = 10 dB. We observe that [ decreases as the cooperation cost coefficient
increases. This is because for large values of 9, the cooperation is discouraged, and
the portion of time allocated to cooperation («af) is reduced. If ds is significantly
large, the [[PU] becomes more concerned with the energy cost, and may prefer not to
cooperate with the [HPU|l Additionally, when the relay channel has better quality,
represented by larger values of vg;, the users are more encouraged to cooperate,

increasing the resulting values of f.

2.6 Future Work Discussion

Even though the problem of energy efficiency in wireless networks has received
considerable attention in the past few years, many challenges remain to be addressed
in order to deploy truly green networks. Regarding the specific scenarios considered
in this chapter, we mention the need to study more comprehensive network models
and the overhead incurred by cooperation.

Additionally, the effects of spectrum sensing on the energy efficiency deserve

further investigation, since the energy cost of sensing, and the penalty in throughput
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Figure 2.14: B* versus Cooperation Cost Coefficient d,, for different values of o1,
k=12.

due to sensing time were not included in our analysis.

Regarding the game theoretic model, the distributed mechanisms implemented
as part of the game can be further investigated to obtain a fair resource allocation
for heterogeneous networks. We note that it may not be interesting for the [LPUl to
cooperate if the time allocated for its transmissions is very small, or if the amount of
energy spent with cooperation is very large, not compensated by the transmission
opportunity received as a reward. In this sense, incorporating fairness into the
game definition is also a mechanism to encourage cooperation among users. Also,
the concept of fairness in those heterogeneous scenarios is in itself an interesting
topic for future research.

Game theory may also be further exploited to investigate energy efficient re-

source allocation for a larger number of users. That will require the use of different
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game models, and it could also include other performance metrics, such as age of

information, which will be described in the following chapters.

2.7 Chapter Summary

The concept of quality of service from the point of view of a user in a com-
munication network is not a trivial one to define, and this concept should certainly
account for energy-efficient solutions. We have observed that accounting for energy
efficiency in the performance of wireless networks requires some compromise with
respect to other metrics such as throughput or spectrum sensing accuracy, leading
to interesting and complicated trade-offs.

For the particular case of cognitive wireless networks, with [HPUl and [LPU]
sharing the spectrum, we proposed a new parametrization using the required success
probability of the [HPU| and defining a new design parameter to impose an interfer-
ence tolerance. The parametrization models the interdependence of the transmission
parameters for the [HPUl and [LPU], accounting for possible interference and coop-
eration among users. The trade-offs between performance and energy efficiency
have been described for three non-cooperative spectrum sharing schemes, and one
cooperative scheme.

We have shown that the proposed cooperation scheme improves energy effi-
ciency in comparison to the traditional non-cooperative scheme, and can be used
as an alternative to compensate for caused interference. The use of low-priority

nodes as full-duplex relays is shown to be beneficial for the [HPU], even without
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self-interference cancellation.

We have also proposed a Stackelberg game model to study spectrum sharing
among the[{PU and [LPUlin a cooperative scenario, with utility functions accounting
for the energy efficiency. The solution of the game contains two parameters, o and
[, which define the time allocation to individual transmissions and cooperative
transmission. Our model considers the reputation of each user, represented by the

cooperation credits, to encourage the cooperation and prevent misbehavior.
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Chapter 3: Age of Information

3.1 Overview

Age of information is a new emerging concept, as one of the attributes of the
information to be used in improving the efficiency of communication and control
systems. The concept of age is relevant to systems which are sensitive to the time-
liness of the information, which is the case when actions are taken based on the
status of a process of interest, as in sensor networks, or feedback systems.

In this chapter, we consider communication systems in which status update
messages are transmitted through a communication network as packets containing
information about the status of a random process under observation, together with
a time stamp to identify when the update was generated. Numerous applications of
communication systems require the transmission of information about the state of a
process of interest between a source and a destination. This is the case, for example,
in sensor networks, where sensor nodes report the observations to a central processor,
to monitor health or environment conditions [73,/74]. In these applications, the
timeliness of the transmitted message is an important and often critical objective,
since an outdated message may lose its value.

To characterize the timeliness of the transmitted message, we define the age of
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the information available to the destination node as the time elapsed since the last
received update was generated. When the application requires that fresh information
about the observed process is delivered to the destination, it is not sufficient to
minimize the delay associated to the transmission of a message. The frequency at
which the status update messages are generated is also important. Note that update
messages delivered with a small delay, but sent very infrequently, would result in
outdated information available at the destination. On the other hand, given that
network resources are limited, sending messages too frequently would congest the
network, and the objective of having fresh information at the destination may be
compromised. Once this trade-off is identified, we note that optimizing a system to
deliver timely update messages is not equivalent to maximizing throughput, nor it
is the same as minimizing delay. Hence, different metrics are needed to characterize
the age of information.

The initial steps in this characterization of age of information use queuing sys-
tems to model the status update system. It is assumed that status update messages
become available to a source node at different time instants, and could wait in a
buffer before being transmitted to a destination node interested in the status of the
process under observation. Previous works have analyzed the average age consider-
ing a queue model with a single server, First-Come-First-Served (ECES]) discipline,
and infinite buffer capacity [49-51]. In those models with infinite buffer capacity,
the packets may experience long waiting times in the buffer, becoming obsolete even
before transmission.

The waste of network resources in the transmission of obsolete packets may also
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occur when multiple status update messages are transmitted simultaneously with
random service times. In this case, a packet containing more recent sample of the
observed process may complete service before another packet that was generated
before, rendering the last one obsolete. The average age in this case has been
considered in [53,54|, where the authors modeled the status update system as a
queue with multiple servers.

Depending on the application, it may be unnecessary to transmit all the sam-
ples obtained from the observed process. If the destination node has interest only in
the current value of the process, we propose that the source node discards some of
the arriving status update messages even before transmitting to the destination [33].
That is, the source node is able to manage the packets even before transmitting to
the destination, possibly discarding packets, as opposed to storing them in a buffer,
avoiding the waste of network resources with the transmission of outdated informa-
tion. In this chapter we present three models for status update systems with packet
management, modeled as queuing systems with a single server, discipline,
but finite buffer. One of these models is a very peculiar queue, for which the clas-
sic result known as Little’s theorem does not apply. For the systems with packet
management, we characterize the average age, and discuss the limit of the average
age when the packet arrival rate at the source node is very large, comparing the
results with a system capable of producing just in time status updates which was
first discussed in [49].

In addition to the average age, we also proposed a different metric, named
peak age. The peak age characterizes the value of age achieved immediately before

73



a status update message is received. This new metric is particularly interesting
when the application requires that the age of information is kept below a certain
threshold. We have characterized the probability distribution of the peak age for
the three models with packet management. The peak age also presents an expected
value close to the expected value of age for the observed models, indicating that it
is an appropriate metric to describe age, with the advantage that the average peak
age can be easily obtained in many cases of interest.

The remaining of this chapter is organized as follows. In Section [3.2] we
formally define the age of information in status update systems and two metrics
that characterize the age. In Section [3.3, we characterize the age of information
for status update systems, cosidering five different models. At first, we present the
analysis for one source-destination link, modeled as a M/M/1/ queue, and discussed
in [49]. Then we present the results for multiple servers, and discuss the possibility
of resource waste, as presented in [53| and [54]. Finally, we discuss the age of
information for three proposed packet management schemes. Section presents
our numerical results, and Section |3.5| presents a brief discussion about possible

future work directions. We summarize the results in this chapter in Section [3.6]

3.2  Definitions

Consider a communication link with one source-destination pair. A random
process H (t) is observed, and the status of this process is available to the source node

at random time instants. The destination node has interest in timely information
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about the status of the process H(t), but this information is not available instanta-
neously, since it has to be transmitted from the source through a link with limited
resources. The source node obtains samples of the random process of interest H (t),
and transmits status updates in the form of packets, containing the information
about the status of the process, and the time instant that the sample was gener-
ated. We denote the time stamps with ¢;, and each status update message contains
the information {H (tx),tx}, k = 1,2, ..., to be transmitted in a source-destination
link. Denote with ¢/}, the corresponding time instants at which the status update

messages arrive at the destination node.

Definition 3.1. Index of the most recently received update

At a time instant s, we define the index of the most recently received update

N(s) == max{k|t', < s}, (3.1)

Definition 3.2. Time stamp of the most recently received update

Once the index of the last received update is defined, we define its time stamp

U(S) = tN(s)- (32)

Definition 3.3. Age of Information

Finally, we define the age of information as the random process

A(s) =s—U(s). (3.3)

The age of information is given by the difference between the current time

instant and the time at which the last received update was generated. The age
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Figure 3.1: Sample path for age of information.

increases linearly with time and, upon reception of a status update message, it is
reset to the difference 'y, — ¢,. In order to better understand the behavior of the
process A(t), we observe that a sample path would take the form of a sawtooth
curve, as illustrated in Figure 3.1} Assuming an initial value of age A, the value of
age will increase, until the status update message that was generated at time ¢; is
received at time t';. The value achieved at the peak will be identified with A;. The
age increases with time, until a message generated at time ¢, is received at time t',
and the value of age is reset to the difference 'y, — t;,. We identify the peak Ay, and
the shaded area identified with ). The properties of this sawtooth curve and the
variables identified in Figure will be exploited later in this chapter, aiming to

characterize some of the properties of the process A(t).
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3.2.1 Average Age

Assuming ergodicity of the process A(t), the average age can be calculated
using a time average. Consider an observation interval (0, 7). The time average age
is

A, =— /T A(t)dt. (3.4)
0

The integration in (3.4) can be interpreted as the area under the curve for
A(t). The area can be calculated as the sum of disjoint geometric parts with areas
identified by ), as the one shadowed in Figure , with £ = 1,2,... N(7), and
N(7) as defined in (3.1)). In the case that 7 > ¢/ (), there will also be a partial area
to be added in the end, which we will denote with Q. Summing all the areas, we

write the time average age as

N(7)

a=tlarerY o
k=2

_ Qlj@_i_N(Tj——lN(T%_lZQk. (35)

The average age is calculated as we take the length of the observation interval
to infinity

A= lim A,. (3.6)

T—00
The ratio of the number of transmitted packets by the length of the interval
converges to the rate of transmitted packets, referred to as the effective arrival rate.

We define

Definition 3.4. Effective Arrival Rate
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Given an observation interval T, and the number of packets transmitted during
this interval as defined in (3.1), we define the effective packet arrival rate as the

limit

= Tim Y ()

T—00 T

(3.7)

Also, as 7 — 0o, the number of transmitted packets grows to infinity, N(7) —

o0o. Due to the ergodicity of )k, the average age can be calculated as
A = A E[Qy] (3.8)

To calculate the area, (), we take the area of the bigger isosceles triangle with
sides Typ_1 + Y}, and subtract the area of the smaller triangle with sides 7). The

average area is
1 oy 1 2
E[Qu] = SE[(Th 1 + %i)?] - SEIT7)
1
= §IE)[Y,E] + E[T;-1Y4], (3.9)

where the second equality follows from the fact that T,_; and T} are equally dis-

tributed.

3.2.2 Peak Age

Depending on the application, it may be necessary to characterize the max-
imum value of the age of information immediately before an update is received.
It may also be desirable to optimize the system so that the age remains below a

threshold with a certain probability.
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With that motivation, we propose an alternative metric to the average age,
obtained observing the peak values in the sawtooth curve. The peak age provides
information about the worst case age, and its expected value can be easily calculated
in many cases of interest.

Observe the example sample path shown in Figure Consider the peak
corresponding to the kth successfully received packet. The value of age in the peak

is denoted with A,. We present the definition of peak age below.

Definition 3.5. Peak Age

Let Ty, be the time it takes to successfully transmit the (k — 1)th packet, that
18, Tp—1 = t'_1 — tp_1. Let Y} be the time elapsed between service completion of the
(k—1)th packet and the service completion of the kth packet, that is, Yy =ty —t';._1.
The value of age achieved immediately before receiving the kth update is called peak
age, and defined as

3.3 Age of Information in Status Update Systems

In this section, we calculate the average age and the peak age for specific
system models. We represent the random process of interest H(t), which is observed
in different time instants ¢, K = 1,2,.... Each observation becomes immediately
available to the source node as a packet containing {H(ty),tx}. Hence, t; is also
regarded as the arrival time of the packet to the source node. For all the models

discussed in this section, the arrival process is modeled as a Poisson process of rate A,
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Process of interest H(t)

{H(ta), b2y —— ]
T) {H(tl),tl}—>@—> JAN

Infinite Buffer

1 1o t

Figure 3.2: Model for status update system with a single link, and infinite capacity
buffer. The system is modeled as a M/M/1 queuing system.

and packets are transmitted using a[FCES| policy. The transmission of a packet takes
a random amount of time, which depends on channel conditions such as fading, and
network conditions such as congestion. As a simplifying assumption, we consider
that the time for transmission of a packet is exponentially distributed, with mean
1/p. At the destination, we are interested in characterizing the timeliness of the

information available about the process H(t).

3.3.1 Status Updates Through a Single Link

Consider a single source-destination link. The status update messages arrive at
the source node according to a Poisson process of rate A, and should be transmitted
through the communication link to the destination. This link is modeled as a single
server, and service time is assumed to be exponentially distributed with parameter
p. If the server is found busy upon arrival of a packet, this packet can wait for
its turn in an infinite capacity buffer. This system is modeled as a M/M/1 queue,
illustrated in Figure [3.2]

We illustrate a sample path for this model in Figure[3.3] Recall that 5 denotes
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+Age A1)

L 3

Time

Figure 3.3: Sample path for age of information, illustrating how the age evolves in
time in the case of a M/M/1 queuing model.

the time instant the kth packet was generated, and t; the time instant that this
packet completes service. The kth interarrival time is defined as X = t, — tp_1,
and the time in the system is defined as T}, = t', — t;. We identify X3 and T3 in
the figure. We also indicate the peak age Ay, and the areas of the geometric parts
Q. The trapezoid with area ()3 is shadowed in the figure.

The average age for the M/M/1 model has been presented in [49]. The cal-
culation follows the steps presented in subsection that is, the average age is
the product of the effective arrival rate A\, and the expected area of the trapezoids
E[Qy], as illustrated in the sawtooth curve in Figure 3.3} In the M/M/1 model,
every packet is admitted into the queuing system. Hence, the effective arrival rate
is equal to the arrival rate \. Disregarding the area identified with ()1, the areas of

the trapezoids, (Qx, can be calculated as the difference of the areas of two triangles,
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which yields

A
—E {X?’g + Xka} . (3.11)

In the M/M/1 model, the interarrival times X}, are exponentially distributed
with parameter A\, with a second moment E[X?] = 2/A\%. To calculate the second
term in (3.11)), we write the time in the system as the sum of a waiting time and a
service time, Ty = W, 4+ Si. The waiting time is zero if and only if the previously
transmitted packet has already completed service. We can write W), = (Tp_; —
Xi)", where (-)" represents max{-,0}. Clearly, the time in the system T} and the
interarrival time X} are not independent. To calculate the second term in ,

we proceed as follows:

E[XiTi] = E [Xi (Tir — Xi)™ + Si)]

= E [E [X; (Tho1 = X)) | X]] + E[XLE[S], (3.12)

where we have used the independence of the service times and interarrival times in
the second equality.

To calculate the conditional expectation we use the probability distribution of
the time in the system for a M/M/1 queue, denoted with fr(t) [75]. Let p := \/u,

and write

E [(Thos —2)") | X, = 2] = / T = o) fr(t)dt

= [ -l perar
6_,“4(1_17)37
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Using the result in (3.13)), we calculate the first term in (3.12)) using the dis-

tribution of the interarrival times, denoted with fx(z), to obtain

E [E [X, (Toos — X)) | Xe]] = /0 TR [(Tios — 2)1) | X = 2] fx(2)de

00 ,—p(l-p)x
= / xe—)\e_)‘mda:
0 (1l —p)

- _r (3.14)

(1= p)
Using (3.14)), and the expected values for interarrival and service times, we

calculate the expected value in (3.12)) as

11
E[X, T = -+~ (3.15)

p(l=p)  Ap
Finally, using (3.15) in (3.11]), we calculate the average age A = AE[Qy], which

in the case modeled as M/M/1 queue yields [49|

1 1 A2
AM/M/I = X—F;‘i‘

=t (3.16)

3.3.2 Status Updates Through Multiple Paths

Consider a communication system designed to deliver status update messages
from a source node to a destination node using a network, with the status up-
date messages arriving at the source node according to a Poisson process of rate .
In [53] and [54], the authors investigated the case that multiple paths are available
to transmit information between source and destination. The results in [53| show
the average age in the extreme case that a status update message is transmitted
immediately upon arrival at the source node, assuming there is always a link avail-
able. The time to deliver the message was assumed to be exponentially distributed,
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Process of interest H(t)
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{H(t2), ta} {H(t1), 11}

)

>
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Server ¢

Figure 3.4: Model for status update system with multiple (possibly infinite) parallel
servers. The system is modeled as a M/M/c queuing system.

hence this system is equivalent to a M/M /oo queue, with infinite number of servers.
An approximation to the average age in the case with two servers was presented
in [54]. We will refer to the cases with multiple paths as the M/M/c queue model,
where ¢ is the number of servers. In these cases, given that multiple status update
messages can be transmitted concurrently, it is possible that those messages arrive
out of order. Therefore, newer status update message may render other messages
obsolete, and network resources are wasted in the transmission of obsolete informa-
tion. The queuing model with ¢ servers is illustrated in Figure [3.4] In what follows,
we present the main results in [53|, namely the average age for the M/M /oo model,
and the probability that a status update message is non-informative due to the fact
that it was rendered obsolete by a newer message that completed service before.
Figure [3.5| illustrates a sample path for the age of information in the case
that multiple paths exist between source and destination. Recall that ¢; denotes
the time instant the kth packet was generated, and t; the time instant that this
packet completes service. It may be the case that packets arrive out of order. In

this example, the packet generated at time t3 was rendered obsolete by the packet
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Figure 3.5: Sample path for age of information, illustrating how the age evolves in
time in the case of a M/M/c queuing system.

generated at time t4, since t'y < t's, and the obsolete packet has no impact on the
age value, having wasted the network resources allocated for its transmission.

In [53], the authors have defined an event E;(k) that the kth transmitted
packet is informative, i.e. not rendered obsolete. Assuming that there has been
at least n + 1 transmissions, define F(n) as the event that the current packet has
rendered exactly n of the previous packets obsolete. The intersection of these two
events is defined as £(n) = E1(k) N E2(n), and its probability is shown to be [53]

A"

P(&(n)) = m

(3.17)
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The average age for the M/M /oo model is [53]

o0

ANV Z P&

= (n+2)u SN
[ <)\—|—]u ((/\—i—(n+1) )(A+(n+2)u)+;A+iu)>

L (o) (n+2)u = 1
A ((A+(n+1) )()\+(n+2)u)+;>\+w>

where

:i {(n+r+1)HZ’AZ<A+(n+Z)u) (1_ A+(n+Ar+1)u>] - (019)

r=1

The probability that a packet is rendered obsolete can be used as an indicator
of the amount of network resources wasted with the transmission of non-informative
packets [53]. This probability is a function of the channel utilization p = A/u, and

is calculated as

RS p
L= P(Ek) T 14y Zr+1Hl 1(p+l)<1_p+r+1)' (3:20)

r=1

3.3.3 Status Updates With Packet Transmission Management

So far, we have discussed the average age for two different models of status
update systems. One model assumed a single source-destination link, and was stud-
ied as a M/M/1 queue. The other model assumed that multiple paths are available
through a network to transmit the status update messages between a source and
a destination, and was studied as a M/M/c queue, possibly with infinite number
of servers. We have noted that these models share one common feature: every
status update message that arrives at the source node will be transmitted to the
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destination. As a result, network resources are sometimes wasted transmitting out-
dated information, or non-informative packets that have been rendered obsolete by
a newer one. In the M/M/1 model, the transmission of obsolete messages is due to
the fact that the packets wait in queue, being subject to the aging process even be-
fore the transmission. In the M/M /oo model, there was no queue, but transmitting
many packets simultaneously increases the percentage of packets that are rendered
obsolete and waste the resources used for its transmission.

To address these issues, we proposed that the source discard some of the
arriving packets, in a process that is referred to as packet management. In this
subsection we compare three policies of packet management:

() assume that samples which arrive while a packet is being transmitted are
discarded, and the ones that find the source node idle are immediately transmitted to
the destination. In this case, no packets are kept in a queue waiting for transmission.
Assuming a Poisson arrival process, policy, and exponentially distributed
service time, this scheme is modeled as an M/M/1/1 queue, where the last entry in
the Kendall notation refers to the total capacity of the queuing system, which is a
single packet in service;

(#1) assume that a single packet may be kept in queue, waiting for transmis-
sion if the server is busy transmitting another packet. If the server is idle, the service
starts immediately. Under the assumptions of Poisson arrivals, and exponential ser-
vice times, this second model of packet management can be studied as an M/M/1/2
queue. Here the total capacity of the queuing system is one packet in service and
one packet in queue;
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(#42) The third packet management policy also assumes that a single packet
may be kept in the buffer waiting for transmission. We propose that packets waiting
for transmission are replaced upon arrival of a more up-to-date packet. Keeping the
other assumptions, we can model this proposed system as a modified M/M/1/2
queue, identified as a M/M/1/2* queue. This is a peculiar queuing model, for which
some of the classic results from queuing theory, such as Little’s result |76, Chapter
2|, fail to apply. The analysis of the M/M/1/2* queue is provided in the appendix
at the end of this chapter.

Examples of sample paths for each model with packet management are pre-
sented in Figure [3.6, The age of information at the destination node increases
linearly with time. Upon reception of a new status update, the age is reset to the
difference of the current time instant and the time stamp of the received update.
Recall that t; denotes the time instant the kth packet was generated, and 'y the
time instant that this packet completes service. We identify the time spent in the
system T}, defined as

Ty =t —ty,

and the interdeparture time Y}, defined as
Yk = t/k — t,k_1.

We also identify the peaks Ay, and the areas of geometric forms Qy, which will be
used in the characterization of the age. Figure illustrates the case (Z) of a
M/M/1/1 queue, and the packets arriving at times ¢, and t,, are discarded, since
the server was found busy upon arrival. A sample path example for the case (i7)
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is shown in Figure [3.6(b)| which considers a M/M/1/2 queue model. In this model,
there is a single buffer space, and packets that find the server busy and the buffer
occupied are discarded, as illustrated for a packet arriving at time t,. Figure [3.6(c)|
presents an example of the evolution of age with the policy described in item (%i7),
modeled as a M/M/1/2* queue. No packets are blocked from entering the queue.
If a new packet arrives while the system is full, the packet waiting is discarded. In
the illustration, the packet that arrived at time ¢, spends some time in the buffer,
but it is substituted when a new packet arrives at time t4. The transmission of this
last packet begins when the server becomes available, at time #'s.

Notation: the subindex k will be used to refer to successfully transmitted
packets only. We will not identify the time of arrival of discarded packets. As an
example, consider the sample path illustrated in Figure . The fourth and fifth
packets to arrive are discarded. In this case, the fourth transmitted packet was the
sixth packet to arrive, but we use index k = 4, arrival time ¢4, and departure time
t';. We identify the fourth peak with A4, and the area of the fourth trapezoid with
()s. In general we will write Ay, Qr, Yi, Tk to refer to quantities associated with
the kth transmitted packet.

Using queuing system models, we are able to characterize both the time in
the system and the interdeparture times but, in general, these two random variables
are not independent and we do not have information about the joint distribution.
Nonetheless, it is possible to describe an event such that T;_; and Y}, are condition-
ally independent.

Let 1 be the event that a packet left behind an empty system upon depar-

89



Age A(t) Ay
As )
A /// ///
! A2 /// //
Q@
AO Ql // // :// // :
///: QZ ///: /// e //: d :
ty t'y ta t'y t3 b L t's 1y 'y Time
r T3 T .}/4 1
(a) Sample path with M/M/1/1 model
Age A(t) Ag A4
As
A /// IV//
1 A2 ///: /// ///:
s 4
3 ’ // :// 5 I// !
A0 Ql 7’ // //' //‘\ :
///: QQ///: // ) z // : // : :
WAV ¢ I ; ;
tl tll tQ tlg tg t4 t* tlg t5 t/4 t/5 Time
Y3 15
(b) Sample path with M/M/1/2 model
Age A(t) As
Ay
As
A 2
1 A2 ///: /// ,
// :// /// :
AO Ql Q3//// /,Q4//:// Q5 i//// :
///: Q2 ///: // , ’ /// : //: :
. } . } . . } . } +
tl t/l tg tlg tg TL* t4 t/g t5 t/4 t/5 Time
Ty Ys

Figure 3.6: Sawtooth curve - Examples of sample path for the age of information

¢) Sample path with M/M/1/2* model
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for the proposed models with packet management.
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ture. Under the assumption of Poisson arrivals, the time until the next arrival is
exponentially distributed with parameter A\, due to the memoryless property of in-
terarrival times. The arriving packet will be served immediately, and the service
time is assumed to be exponentially distributed with parameter p. The interarrival
and service times are independent, and they are also independent from the time in
the system of the packet that just left.

We denote with ¢ the complement event that the system is not empty upon
departure, i.e. there was at least one packet waiting in queue. In this case, the
packet waiting in queue starts service immediately, and the time until the next
departure is simply a service time, which is independent of the time in the system
for the packet previously served.

The variables Tj,_; and Y, are conditionally independent, given the event v
that the (k — 1)th packet leaves behind an empty system upon departure. While the
conditional distribution of the time in the system depends on the selected queuing
model, the conditional distribution of the interdeparture time can already be stated
here. It is given by the convolution of the distributions of two exponential random

variables, with parameters A\ and pu, which yields

Ap -y —py
flyly) = o [ —e]. (3.21)

E[Y|v] = % + -, (3.22)

2002 + A\ + p?)

E[Yk2|w] = /\2M2

(3.23)
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We also have that

fyl) = pexp(—py). (3.24)
E[Y[d] = ~ (3.25)

k - Iu; .
E[Y2J] = = (3.26)

210 = 2. |

For queuing systems with single, as opposed to batch, arrivals, the probability
of leaving the system empty upon departure is equal to the steady state probability
that the system is empty |77, Chapter 5|. The steady state distribution is particular

to each queuing model, and will be presented later in this section.

3.3.3.1 M/M/1/1 Model

A M/M/1/1 queue can be described using a two-state Markov chain, with each
state representing the server as idle or busy. We denote with py the probability of
an empty system, and p; is the probability of one packet in the system. Analyzing

the two-state Markov chain, it is straightforward to obtain [76, Chapter 3]

W A
= — = —. 3.27
DPo Xt g h At ( )

In the case of an M/M/1/1 queue, a packet is accepted in the system only
if the server is idle. The effective arrival rate is denoted with \., and we have
Ae = A(1 — p1). The time in the system for transmitted packets is equal to the

service time, which is assumed to be exponentially distributed with mean 1/p. The
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interdeparture time is distributed as described in (3.21), since in the M/M/1/1
model the event v that the system is left empty upon departure of a transmitted
packet is a certain event. In this case, the time in the system and the interdeparture

time are independent.

Theorem 3.1. Average Age for M/M/1/1 Queue

The average age for the M/M/1/1 model can be writen as

1 2 1
A =4+ - —— 2
M/M/1LE + P (3.28)

Proof: 'We use the steady state distribution in to calculate the
effective arrival rate, the results in and for expectations involving the
interdeparture time, and the fact that the time in the system for a transmitted
packet is a service time, exponentially distributed with expected value 1/u. The

average age can be calculated as

Aniviin = AE[Q4]

=\ (%]E[(Yk)Q] + E[Tk—l]E[Yk])

A (A+u)2_j_ 1A +p
A p AL AL Al
1 2 1
—_4+2__- 3.29
Aop Atp ( )
|

Theorem 3.2. Peak Age for M/M/1/1 Queue
For the M/M/1/1 system, the complementary cumulative distribution function,

which describes the probability that the peak age surpasses a threshold a, is given by

2
Iz L
11— —— ua Ha (3.30
(A—u)]e P (3.30)
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Proof: Recall that the peak age is Ay = Ty—1 + Y;. In the M/M/1/1
model, the time in the system 7T}_; and the interdeparture time Y} are independent.
Hence, the probability density function of the peak age is given by the convolu-
tion of an exponential distribution for the service time with the distribution of the

interdeparture times shown in (3.21). As a result, we have

f(a)M/M/l/l = f(al)
= f(t]Y) * f(yl¥)

_ L ’ e—Aa_ e~ ha o e Ha
= (A—u) (A Ae M+ N\ — ) ) (3.31)

The result in (3.30]) is obtained integrating the probability density function in ((3.31))

over an interval of the form (a, 00), where a is the threshold to be imposed on the

age of information. [ |

3.3.3.2 M/M/1/2 Model

The M/M/1/2 queue can be described by a Markov chain with three states,
that represent an empty system, a single packet being served, or a packet in service
with a packet waiting in the buffer. Let p :== A/u. The analysis of the three-state
Markov chain yields the steady state probabilities |76, Chapter 3]

P .

= m, VRS {0, 1,2} (332)

bj

The effective arrival rate is calculated as the product of the arrival rate and the
probability that the system is not found full. Due to the PASTA property (Poisson

Arrivals See Time Averages) |77, Chapter 3|, the state of the system found upon
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arrival is distributed according to the steady state distribution in , and we can
write A\. = A(1 — pa).

In order to characterize the age of information, we need the expected values
E[Y}] and E[T}_,Y;]. We first obtain the probability distribution of the time in
the system for transmitted packets. The time in the system can be written as
Tp1 = Wig_1 + Sk_1, where Wjy_; is a random variable representing the waiting
time, and Sy_; represents the service time. We are interested in the conditional
distributions given the events 1) and ).

The waiting time is zero if the system is found idle upon arrival, otherwise it
is a remaining service time, exponentially distributed with parameter u, due to the
memoryless property of service times. The probabilities that the system is found
idle or busy upon arrival can be calculated using the steady state distribution in
(3-32), normalizing due to the fact that a packet is only accepted into the queue if
the system is not full. The waiting time of a transmitted packet is independent of
future arrivals, hence independent of the event 1. Its complementary cumulative

distribution is

4!
Do + P1

P(Wi_1 >w) = e M w>0. (3.33)

The conditional distribution of service time given the event ¢ is calculated
noting that the (k — 1)th transmitted packet leaves the system idle upon departure
if and only if zero arrivals occur while the (k—1)th transmitted packet is being served.

We define the probability P(1|S,_1 = s) by requiring that for every measurable set
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A C[0,00)
Py, Sk—q € A) = /Af(s)]P(MSk_l = s)ds, (3.34)

where f(s) is the probability density function of the service time. The conditional

distribution of service time given 9 is then calculated as

o PUSis = ()
) = B 5 s = ) (s)ds

As)0 _
(6‘3') e )\sﬂe us

fOOO (/\081)0

= (A4 p)e” O, (3.35)

e Mue rsds

which yields the conditional expectation

ElSio1lv] = 1 (3.36)

Using the results in (3.33)) and (3.35|) we can obtain the conditional probability

distribution of the time in the system, given the event 1,

P(Ty—1 > t[tp) = P(Wy—1 + Sp1 > t|9)) (3.37)
= /OO P(Wy_1 >t —s)f(s|v)ds (3.38)

0
— eht (3.39)

with conditional expectation
1
BT |v] = (3.40)

The conditional distribution of the time in the system given the event 1 is
obtained similarly. To obtain the conditional distribution of the service time, we
note that the system is left behind with another packet waiting for transmission

96



if and only if at least one arrival occurs during the service time of the (k — 1)th

transmitted packet. Then calculate

i P = ()
J) = B (15 = 5)f(s)ds

<1 — %e"\‘*) pe s

I (1 - (’\0%)06*’\5> peHsds
At

A

(1—e) pe*, (3.41)

with conditional expectation given by

1
(A4 p)

ElSe-1li] = + (3.42)

The conditional distribution of the time in the system is obtained as follows:

P(Ty—1 > t[Y)) = P(Wi_y + Skt > t[¢))

:Kmpm@l>t—$ﬂﬂww

=e "(1+4 put), (3.43)

which corresponds to a probability density function given by the convolution of two

exponential distributions with parameter u. The conditional expectation is
- 2

The probability of the event v that the system is left idle upon departure is
obtained using the steady state probability that the system is empty |77, Chapter

5]. Normalizing the probabilities to account only for transmitted packets, we write

Do 1%
P = = , 3.45
) Po+p1 At+p ( )

0 P1 A
P = = . 3.46
¥) Po + P1 A+ ( )
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At this point, we have all the elements needed to prove the following theorem.

Theorem 3.3. Average Age for M/M/1/2 Queue

For the M/M/1/2 model, the average age is

1 3 2N+ p)

A e 3.47
M/M/1/2 = + PR CES Yy ( )
Proof: Recall that the average age is calculated as
Az = AB[Qk]
1
= (GBI + BT ) (3.48)
The effective arrival rate is
Ap(A + 1)
Ae = A(1 — = . A4
(1—p2) JER y: (3.49)
Using (3.23) and (3.26)), together with (3.45]) and (3.46[), we calculate
1 oy 1 2 20,71 (T,
SEIZ) = £ (BN IWPW) + ENZIEP())
_1(2()\2+)\u+u2) i +3 A )
2 (A)? A 2 +p
1 1
= + e (3.50)

The expected value of the product T),_1Y} is calculated using the probabilities
in (3.45)) and (3.46)), together with the conditional expectations calculated in (3.22]),
and (3.25)) for Yy, and in (3.40) and (3.44) for T;_,. Given that Tj_; and Y} are
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conditionally independent, we may write

E[T}-1Yx] = B[Ti1 Yi [¥]P(¥) + E[Tp—1 Yi| ] P(4)

A

= BIVYIET [0l + EYAIRT )

(1 1)1 1 12 A
=(-+-)- + ==
A ) pAt e At p

20% + A 2
_ A (3.51)
A2 (A + p)
The average age is obtained using (3.49)), (3.50]), and (3.51)) in (3.48))
A A+ p) 1+1+2)\2+)\u+u2
MM =02 o 2\ T 2 T e+ )

1 3 2(N 4 p)
_ 1.3 tH) 3.52
NI CI yryL (3:52)
which is the result stated in the theorem. [ |

Theorem 3.4. Peak Age for M/M/1/2 Queue
The complementary cumulative distribution of the peak age for the M/M/1/2
model, which gives the probability that the peak age is larger than a threshold a, is

3

_ ] e
P D = 5w
A ]
+ et [pPa* (N — 1) + 22\ — pa + 2\ — M — pi?)] - (3.53)

2(A = p)*(A +p)
Proof: The peak age is given by Ay = Tj_1 + Y. These variables are
conditionally independent given the event 1) or the event ¢ and, in this case, the
distribution of their sum is calculated as the convolution of their individual condi-

tional probability density functions. Using the probability distributions described
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in (3.21)), (3.24)), (3.39), and (3.43|), we obtain

2
fal)sniynge = <ﬁ> ()\e_A“ —Ae PP+ AN — u)ae_““) (3.54)

1

Flal®)upmipye = 502 pie™, (3.55)

and the distribution of the peak age is the mixture, using the probabilities in (|3.45)

and ((3.46)), which yields

2
H AM —Aa —pa /2

= 2 " A— 2a — 2 3.56

f = (75 gty e e @O s 2a-2)  (350)

Integrating (3.56)) over the interval (a, co) we obtain (3.53)). [

3.3.3.3 M/M/1/2* Model

To model the packet management scheme in which the packet waiting in queue
is replaced if a new packet arrives, we have proposed a new queue model, named
M/M/1/2*. The characterization of the proposed queue model is peculiar because
some of the classic results in queuing theory do not apply, and it is shown in Ap-
pendix [3.7]

The M/M/1/2* model behaves as the M/M/1/2 queue regarding the number
of packets in the system. In both queuing systems, a packet is discarded when the
system is found full upon arrival. The difference is that in the M/M/1/2 system the
discarded packet is the one that just arrived, while in the M/M/1/2* system the
discarded packet is the one found in the buffer. The steady state probabilities in
still hold, and the effective arrival rate is A, = (1 — p2)A, as in the M/M/1/2

model.
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We proceed to characterize the conditional distributions of the time in the
system for a transmitted packet, given the event v that the system is left empty by
a departing packet, and the event 1 that the system is left busy upon departure.
We write the time in the system as the sum of the waiting time and the service
time, Ty = Wy_1 + Sk—1 and proceed as in the M/M/1/2 model, following the
steps described in or to obtain the conditional distribution of the time
in the system given the events ¢ or 1, respectively. The conditional distribution of
the service time is the same as in the case of a M/M/1/2 queue, as given in ({3.35))
or (3.41]). The next step is to describe the probability distribution of the waiting
time for a transmitted packet.

If the arriving packet finds the server idle, the packet is served immediately, and
the waiting time is equal to zero. This event occurs with probability P(idle) = py,
due to the Poisson Arrivals See Time Averages (PASTA|) property |77, Chapter 3|.

Due to the same property, the server is found busy upon arrival with proba-
bility P(busy) = 1 — pg. The arriving packet will be admitted in the system, but it
will be transmitted if and only if no other arrival occurs while the service in progress
is not completed. Let R represent a remaining service time, with probability den-
sity function f(r), and let ¢ be the event that no other packet arrives during the
remaining service. We define the probability P(¢|R = r) by requiring that for every

measurable set A C [0, 00), we have

P(p,Re A) = / f(r)P(¢|R = r)dr.
A
The probability of the packet being transmitted given that the server was
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found busy upon arrival is calculated as

P(tx|busy) — /0 T PGIR = ) f(r)dr

o) /\ 0
_ / ( T) efkruef,urd,r
0

0!
w
= — 3.57
N (3.57)
As a result,
P(busy,tx) = (1 — po))\ T (3.58)
A
IP(busy,drop) = (1 — pq) N (3.59)

The conditional distribution of the waiting time given the event {busy, tx} is
equal to the conditional distribution of the remaining service given the event ¢, and

it can be calculated as

f(w[busy, tx) = f(r|¢)

PR =1)f()
IS P(o|R =) f(r)dr
Ar)° xr o —

= (A+ e, (3.60)

hence we have for the transmitted packets in the M/M/1/2* model

(1 —po)si

P(W. 1+ >w) = i~ (pw
( k-1 ) p0+<1_p0)ﬁuu
_ A O (3.61)
A+

Using the results in (3.61)) and (3.35|) we can obtain the conditional probability
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distribution of the time in the system, given the event 1,

IP(Tk_l > t|¢) - P(Wk—l + Sk:—l > t|¢)

_ / TPy > 1 - ) f(sl)ds

= eI 4 ). (3.62)

The conditional expectation can be obtained integrating (3.62), or adding the

conditional expectations for the waiting time and the service time

E[T,_1]¢] = E[Wy_1[¢)] + E[Sk—1|¢]

= E[kal] + E[Sk71|¢]

A

AR At
220+

= ATH 3.63
(A4 p)? (3:63)

Similarly, conditioning on the event 1), we use and (| - ) to calculate

P(Tj_1 > t|h) = P(Wy_1 + Sp_1 > t|h)

/ P(Wey > t — ) f(s|)ds
0
_ ”Az“eut Be0mi(a 4 1), (3.64)

The conditional expectation of the time in the system for transmitted packets

can be calculated as

E[T)_1]¢] = E[Wi_1|¢] + E[Sk_1|¢]

= E[Wy_1] + E[Sk_1|9]

S

T +w? o (g

1 220+

L N 3.65
o (A4 p)? (3:65)
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The probabilities of the events ¢ and 1) are obtained using the steady state
distribution for the number of packets in the system, therefore these probabilities
are the same as in the M/M/1/2 model, as described in and (3.46). The
expected values related to the interdeparture times Y} are also the same as in the
M/M/1/2 model. At this point, we have all the elements to prove the following

theorem:

Theorem 3.5. Average Age for M/M/1/2* Queue

The average age for the M/M/1/2* model is

1 2 A 1 20\ + 1)
A =t + - 3.66
MIMAZE =X T N ) A A+ A2 (3.66)
Proof: The average age is calculated as
Aninijiyee = AE[Qr]
1
Y (;E[(Yk)?] T E[Tk_lm) (3.67)
The effective arrival rate is calculated as in the M/M/1/2 case,
AN + )
Ae = A1 — = . 3.68
(1= p2) A2+ A\ + p? (3.68)

Using ([3.23)) and (3.26]), together with (3.45)) and (3.46]), we also have the same

second moment for the interdeparture time

1o 1 1

The expected value of the product T}_1Y} is calculated using the probabilities

in (3.45)) and (3.46)), together with the conditional expectations calculated in (3.22]),
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and (3.25)) for Y}, and in (3.63)) and (3.65) for T),_;. Given that Tj_; and Y} are

conditionally independent, we may write

E[Ti—1Yi] = B[Ti1 Ya []P () + B[Tp—1 Vi || P ()

A

A+
11\ 2x 1/1  2x A

)R ()
Aop) A+pPA+p p\p A+p)?) Atp
1 1 20+upu

T2 T 10

= BIYAYIB[Ti )3 + BYIE T

As aresult, the average age for the M /M /1/2* model is calculated using ({3.68)),

(3.69), and (3.70) in (3.66)), which yields the result in the theorem

A\ + p) (1 1 1 1 2)\—|—u)
Ay =

PR R G U IR VAR O AT
1 2 A 1 20N+ p)
Ao A2 A+ N4+ A+ p? (3.71)

Theorem 3.6. Peak Age for M/M/1/2* Queue
The complementary cumulative distribution of the peak age for the M/M/1/2*

model, which gives the probability that the peak age is larger than a threshold a, is

B e—()\—‘ru)a . s
IP(Ak >OJ_)M/M/1/2* = >‘()\+/L)<)\_,U>()\ — 3 +>‘PJ()\+,U)(1+<>\_N)))
X = A IO =) M A = 28)
e—)\a
TR pa o ) (372

Proof: The conditional distribution of the peak age, given the events v

and 1) is obtained as the convolution of the conditional distributions for T;_; and
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Y%, since these variables are conditionally independent.

f(CL|Q/J)M/M/1/2* = (/\()\ + M)a B (2#3 -\ = A2M)) e—()\—o—,u)a

(A —p)

A+ 202 AN+ p) + X3
"= e 3.73
A—p (X — p) (3:73)

_ 12
falY)nymniyree = pe_(H“)a(S,u +2X + A\ + p)a)
112

—ﬁe’“a(?)u +2X — A(A +2p)a) (3.74)

The distribution of the peak age is the mixture, using the probabilities in (|3.45)

and (3.46)), and integrating it over the interval (a, co) gives the result in (3.72). |

3.3.4 Just in Time Updates

In this section we discuss the limiting behavior of the proposed packet man-
agement schemes when the arrival rate becomes very large. We compare the results
with a system capable of generating status update messages as soon as the server
is idle. This just in time status update system was first presented in [49], and it
eliminates any queuing delays, since the packets are transmitted immediately after
generated.

Consider the aforementioned just in time status update system, in which a
message is generated as the server becomes available. That is, the arrival time
is equal to the departure time of the previous packet, t, = t;,_;. In this case,
no packet waits in queue for transmission, and every status update is as fresh as
possible when transmitted. The time in the system for each transmitted packet is

simply its service time, and the arrival rate is the inverse of the expected service
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time. The interdeparture time is also the service time, which is independent of the
time in the system for a previously transmitted packet.

For the just in time status update system, the following equalities hold:

E[T—1] = E[Sk-1] = E[S)] (3.75)

E[Y;] = E[S)] (3.76)

E[Y;] = E[S}] (3.77)
1

A =A=pre (3.78)

The average age for the just in time status update system is calculated using

the same procedure described before, that is

Ajir = AE[Qy]

= (]E {%’3} + ]E[Tk_1m>

= (]E {%’3} + ]E[Tk_l]]E[Yk]> , (3.79)

where the last equality follows from the independence between the interdeparture
time and the time in the system for the previously transmitted packet, since these

two correspond to different service times.

Using the equalities in (3.75)-(3.78) in (3.79)), considering [FCEFS queuing sys-

tems with expected service time E[Si] = E[S], yields [49]

Ay = ﬁ (]E [Sﬂ + (IE[S])2> | (3.80)

In the case of exponentially distributed service time with rate p, we have
E[S] = 1/p, and

(3.81)



Next, we investigate the limit as the arrival rate goes to infinity for the queuing
systems considered in this thesis. With large arrival rates, we expect to approxi-
mate the desirable feature of the just in time system described above, that is, the
availability of a fresh status update message as soon as the server becomes available.

Consider the system modeled as a M/M/1/1 queue. In this case, no packets
are kept in the buffer. When the arrival rate is finite, the performance of this system
differs from the just in time system because it may be the case that the server is idle,
and no packet arrives. As the arrival rate increases, the expected interarrival time
will be reduced, and we expect the behavior of the M/M/1/1 system to be closer to
the just in time system. In fact, using the average age presented in Theorem [3.1]

the limit as the arrival rate goes to infinity is

. 2
Ah_glo ANV Y P (3.82)

which is equal to the average age A for just in time updates.
The average age in for the M/M/1/2 model was presented in Theorem [3.3]
The limit as the arrival rate goes to infinity is

. 3
lim AM/M/l/Q = ,[_L’ (383)

A—00
which is much larger than the case modeled as M/M/1/1. Intuitively, for very
large arrival rates, keeping a packet in the buffer is not advantageous, because the
information ages while waiting in queue, and it is better to wait for a new packet
to arrive instead of keeping one in the buffer.

The packet management scheme modeled as a M /M /1/2* queue considered the
case in which a packet is kept in the buffer, but it is replaced if a new status update
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message is available. The average age for this model was presented in Theorem [3.5]

The limit as the arrival rate goes to infinity is

2
Lim Apynyige P (3.84)

indicating that the model with packet replacement behaves as the model without
buffer (M/M/1/1) in the limit. Intuitively, as the arrival rate goes to infinity, a fresh
packet will always be available for transmission in both models. The M/M/1/2*
behaves as the M/M/1/1 as the arrival rate goes to infinity but, for finite arrival
rates and a fixed service rate, the packet replacement provides better performance

with respect to the average age, as will be illustrated in section |3.4

3.4 Numerical Results

This section presents numerical results to illustrate the average age and peak
age for the queuing models investigated in this chapter. The service rate is assumed
to be p = 1, unless otherwise stated. In this case, the arrival rate A in the x axis
can be interpreted as the channel utilization p = A/u. In addition to the analyt-
ical formulations, some figures present simulation points, obtained from a simple
discrete-event simulator built in MATLAB. The simulation results are presented as
circular markers in the curves, and corroborate the analytical results.

The average age stated in Theorems [3.1] [3.3] and [3.5] is illustrated in Figure
3.7 The average age is decreasing with the channel utilization inside the observed
range 0 < p < 1.5. For very small arrival rates, keeping a packet in the buffer
is preferable than waiting for a new arrival, which may take a long time, hence
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Figure 3.7: Average age versus arrival rate () for the queuing models with packet
management.

the M/M/1/2 model yields smaller average age than the M/M/1/1 model. As the
arrival rate increases, the average interarrival times become smaller, on average, and
the performance of the M/M/1/1 model gets closer to the M/M/1/2* model, while
the M/M/1/2 model yields much larger average age. The M/M/1/2* model yields
the smallest average age. For example, when A\ = 0.6, packet replacement promotes
a reduction of approximately 5% in the average age, in comparison to the other
models.

In Figure 3.8 the average age for the M/M/1/2* model is compared to that
of a M/M/1 model, which corresponds to a transmission scheme with no packet
management, where all packets that find the server busy are kept in the buffer
waiting for transmission in the order of arrival. The average age for the M/M/1
model was presented in subsection , with the final result given in , which

is due to Kaul et al. [49]. When A < p, the dominant effect is the large interarrival
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Figure 3.8: Average age versus arrival rate (\) comparing the results with the
M/M/1/2* model for packet management with the M/M /1 model which assumes
an infinite capacity buffer and does not apply any packet management.

time and the two models have similar behavior because they are idle for a large
fraction of time. As the arrival rate A increases, the dominant effect in the M/M/1
system is the queuing time which approaches infinity as the arrival rate approaches
the service rate. As a result, the average age increases to infinity as the arrival rate
approaches the service rate. This effect is eliminated with the packet management
scheme, which promotes significant improvement in the average age, particularly for
large values of channel utilization p > 0.5.

The average age for the M/M/1/2* model is compared in Figure to the
average age when the status update messages can be transmitted as soon as they
are generated, using a network cloud, as proposed in [53]|. Recall that our model
assumes a single server and the packet management scheme keeps a single packet

in the buffer, replaced upon arrival of a new packet. The comparison scheme is a

111



12

—— MM 12F
=e- M/M/oco ||

10

co

Average Age
(@)

“a
ou,
L T
'.---.---..._.___.___.. -
=y

| | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Arrival Rate, A

Figure 3.9: Average age versus arrival rate (\) comparing the results with the
M/M/1/2* model for packet management with the M/M /oo model which assumes
an infinite number of servers.

system with infinite number of servers, modeled as a M/M /oo queue, which does
not keep any packet in a buffer, but it may transmit packets out of order, wasting
network resources with the transmission of non-informative packets. The M /M /oo
model assumes independent service times among the servers, and it provides a very
optimistic result. We use the service rate © = 1. In the observed range of arrival
rates, the gap in the average age between the two schemes is increasing, and the
scheme with infinite servers reaches an average age value which is approximately
53% smaller when A = 1.5. We note that this gain on the average age comes at

the cost of packets being rendered obsolete after transmission, which occurs with

probability 0.351378, obtained using the expression in (3.20]) with A = 1.5 and u = 1.

Figure[3.10| shows the effect of the service rate on the average age. The arrival
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Figure 3.10: Average age versus service rate (u) for the queuing models with packet
management.

rate is fixed to A = 0.5. The M/M/1/2* model promotes the smallest average age,
but the schemes have a common limit value as p goes to infinity, which is 1/\. That
is, for very small service times, the average age is limited by the interarrival times.
Figure [3.11] presents the complementary cumulative distribution function for
the peak age. The service rate is = 1, while the arrival rate takes the values A = 0.5
and A = 1.3. The probability that the peak age is larger than a given threshold a
can be reduced with larger arrival rates for all three schemes. Comparing the two
groups of curves, we also note that the M/M/1/2* model produces the best results
regarding the peak age for arrival rates below and above the service rate. The
M/M/1/2 model presents the second best results for small arrival rates, but for
large arrival rates the M/M/1/1 model performs better than the M/M/1/2 with
respect to the peak age. This is so because for larger arrival rates it is advantageous

to wait for the arrival of a new packet, instead of keeping one in the buffer.
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Figure 3.11: Peak age distribution: P(A; > a) versus threshold a.

The average peak age for the three queuing models is illustrated in Figure[3.12]
The M/M/1/2* model with packet replacement is shown to be the most adequate
model for applications that require the age of information available to the receiver
to be below a certain threshold. That is the case when the outdated information
looses its value due to small correlation with the current state of the process under
observation. We also observe that keeping a packet in the buffer is preferable in the
case of small arrival rates, while discarding all the packets that find the server busy

could be adopted for very large arrival rates (A > pu).

3.5  Future Work Discussion

The characterization of age of information is still incipient, and the investiga-
tion of simple models and new metrics remains important to understand its impact

on the performance of communication systems. The fundamental limits and trade-
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Figure 3.12: Average peak age versus arrival rate (A) for the queuing models with
packet management.

offs involving age of information deserve further investigation. In particular, the line
of work initiated in [52] indicates that sending just in time updates does not provide
a lower bound on the average age. Intuitively, it may be more effective to let the
server idle and then transmit status update messages which cause larger reduction
in the value of age, as opposed to transmitting status updates as soon as the server
becomes available. This trade-off between the network resource allocated to deliver
the message and the effect of that message on metrics of age needs to be understood.

The performance of multi-user networks with respect to new metrics which
describe the timeliness of the transmitted messages still needs to be addressed. In
this context, problems such as scheduling and resource allocation need to be inves-
tigated under the light of age of information. One possible approach to study the
scenario with multiple users competing for network resources is to use game theory,

formulating utility functions accounting for the age of information. In addition to
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minimizing the age of the information transmitted by the users in the network, it is
also relevant to consider the age of the information used for network control, such
as the channel state information, and the network topology information used for
routing protocols.

The information theoretic aspects of age of information also remain to be
investigated. We envision that a new notion of capacity for point-to-point commu-
nication channels could be developed by associating the value of a bit of information
with the age of that bit. If the value of a bit of information decreases with its age,
then finite blocklength coding could be optimal, under this new notion of capacity.
The problem of data compression can also be revisited under the light of age of
information, with the definition of a distortion function which accounts for different
values of a bit of information, depending on its age.

The development of a framework that accounts for the value of information
as a function of its age would also impact other areas, such as control systems.
Control systems are developed to manage the behavior of another system in order
to improve performance, and the action of a controller can be determined by one or
more observed variables in the system. Under resource constraints, the state of these
variables is not available to the controller instantaneously. Instead, information
about the state of these variables may be reported periodically or aperiodically to
the controller. As a result, the controller may have to choose its action based on
outdated information. In general, the effect of age of information is not incorporated
in the decision process, although it is intuitive that timely information would lead to

more accurate decision and control, so this is another promising area of investigation.
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Finally, we identify the need to characterize the intuitive notion of effective
age. A definition of the effective age should describe the value of the information
as a function of its age. Depending on the application, and on the characteristics
of the random process under observation, the value of the information available
at a destination node may be degraded in a different fashion, other than linearly
with time. For example, a definition of the effective age could account for the
autocorrelation of the random process. When the process is highly correlated in
time, a received message containing the status of the process can be valuable, despite
a large age. In the extreme case that the observed process takes one constant value,
a received status update message would age, but its effective age would be zero. The
effective age of a received status update message could be described, for example,
using the error in estimating the current value of the process with a Minimum Mean
Square Error (MMSE]) estimator. These ideas require further investigation, but the
effective age will certainly play a key role in optimizing systems to deliver timely

information.

3.6 Chapter Summary

In this chapter we have defined the process called age of information, with
the objective to characterize the timeliness of the information transmitted in a
communication system. This process is of interest particularly when an action is
taken based on available information, but the information loses its value with time.

The contributions of this work to the initial steps in the characterization of
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age in communication systems that transmit status update messages are twofold:

(¢) We have characterized the average age of information for three models
of status update systems, assuming that the source node can manage the samples
of a process of interest, deciding to discard or to transmit status updates to the
destination. We proposed a new queue model, named M/M/1/2* to represent a
packet management scheme in which packets are replaced in the buffer upon arrival
of a newer packet. As a result of the packet replacement, the proposed queuing model
cannot be analyzed using the classic approach in queuing theory, as Little’s theorem
does not apply to this peculiar queue. We have shown that package management
with packet replacement in the buffer promotes smaller average age, when compared
to schemes without replacement. For very large arrival rates, the proposed scheme
also delivers just in time update messages, while avoiding the waste of network
resources in the transmission of stale information.

(4¢) In addition to the characterization of the average age, we proposed a new
metric, named peak age. The peak age is a suitable metric to characterize the age of
information in applications that impose a threshold on the value of age. The peak
age has the advantage of a more simple mathematical formulation, and we have
described its probability distribution for the three queuing models investigated in
this chapter. This new metric will certainly benefit future investigations regarding
the optimization of a network with respect to the timeliness of the transmitted

information.
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3.7 Appendix: Characterization of the M/M/1/2* Queue

In this thesis, we have proposed a modified queuing model, in which the
packet waiting in queue is replaced if a new packet arrives. The new model was
called M/M/1/2* queue. This appendix presents the characterization of this pecu-
liar queuing model, in order to obtain the time in the system and waiting time of
transmitted packets in a status update system with packet management.

Consider a queuing system with a single server, and a single space in a buffer.
Let the packets arrive according to a Poisson process, so that the interarrival times
are independent exponentially distributed random variables. The service time is
assumed to be exponentially distributed, independent of the state of the queue.
Packets are admitted if there are less than two packets in the system, that is, a
maximum of two packets can be in the system at a given time, one in service and
one waiting in the buffer. Packets that find the system full are discarded. Packets
admitted to the system are served following a First-Come-First-Served (ECES) dis-
cipline. A queuing system with these characteristics is identified with the notation
M/M/1/2.

Modifying the M /M /1/2 model so that the packet waiting in queue is replaced
if a new packet arrives yields the proposed model, named M/M/1/2* queue. Re-
garding the number of packets in the system, the M/M/1/2* model behaves exactly
as a M/M/1/2 queue. That is because a replacement only occurs when an arriving
packet finds the system full, so the replacement results in a packet being discarded.

Intuitively, discarding the packet that just arrived or the packet that was already in
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Figure 3.13: Three State Markov Chain for M/M/1/2* Model.

the buffer does not change the number of packets in the system.

To characterize the M/M/1/2* queue, we consider the stochastic process de-
scribing the number of packets in the system at a given time {N(t),t > 0}. The
variable N(t) takes values in the set {0,1,2}, and it evolves as in a three-state
Markov chain, illustrated in Figure [3.13]

Denote with p; the steady state probability of j packets in the system, with
j € {0,1,2}. The steady state probability distribution is calculated solving the set

of equations

pj/\ = Dj+1Hs ] € {07 1} (385)

po+p1+p=1 (3.86)

We define the offered load p = A/u, and write the result of (3.85)-(3.86) as |76,
Chapter 3|
p .

= m, J € {0, 1,2} (387)

bj

The average total number of packets in the system is calculated as
E[N] = Opo + 1p1 + 2p2 (3.88)

The effective arrival rate is given by the product of the arrival rate and the
probability that the packet is admitted into the system. For Poisson arrivals, the
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probability distribution of the state seen upon arrival is equal to the steady state
probability distribution. This result is known as the Poisson Arrivals See Time

Averages (PASTA) property [77, Chapter 3|. As a result, we have

Ae = (1 —pa) . (3.89)

Next, we would like to characterize the time in the system. The classic result
in queuing theory known as Little’s theorem establishes the relationship between the
expected time in the system, the expected number in the system, and the arrival
rate |77, Chapter 5. In the M/M/1/2* model, some packets leave the system
after spending some time waiting in the buffer, while other packets end up being
transmitted. For this reason, Little’'s theorem fails to apply to the transmitted
packets in the M/M/1/2* model.

We will denote with T (without any index) the time in the system for any
packet, which may or may not be discarded. Let P(T" > t) describe the probability
that a packet stays in the system for a time longer than t. Conditioning on the
state of the server upon arrival (idle or busy), and on the event that the packet is

transmitted (tx) or dropped (drop), we calculate

P(T > t) = P(idle)P(T > t|idle)
+P(busy, tx)P(T > t|busy, tx)

+P(busy, drop)P(T > t|busy, drop). (3.90)

In what follows, we present the main arguments to calculate each term in (3.90)).

An arriving packet finds the server idle with probability P(idle) = pg, due to
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the [PASTA] property. In this case, the packet is served immediately, and
P(T > t]idle) = e (3.91)

A packet finds the server busy with probability P(busy) = 1 — py. According
to the packet management scheme, it will be admitted in the system, but it will
be transmitted if and only if no other arrival occurs while the service in progress is
not completed. Let R represent a remaining service time, with probability density
function f(r), and let ¢ be the event that no other packet arrives during the re-
maining service. We define the probability P(¢|R = r) by requiring that for every

measurable set A C [0, 00), we have

P(6,R € A) = /Af(r)]P(gMR = r)dr.

The probability of transmission, given that the server was busy upon arrival

is calculated as

P (tx]busy) = / TP(IR = 1) f(r)dr

o] )\ 0
— / ( T) ef)\rlueﬁurd,r
0

0!
1
= —. 3.92
o (3.92)
As a result,
P (busy,tx) = (1 — 3.93
(busy,tx) = ( po)AﬂL (3.93)
A
IP(busy,drop) = (1 — po) (3.94)

A+
The time in the system for a transmitted packet can be written as the sum of
waiting and service times, T = W + S. Conditioned on the event {busy, tx}, the
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waiting time is distributed as the conditional distribution of the remaining service,

given the event ¢, calculated as

f(w[busy, tx) = f(r|¢)

_ P@IR=7)f(r)
JTPOIR=r)f(r)dr

A9 _
((;) e )‘T,U,G ur

f()oo (A(;’!)O e—/\rlue—urdr

= (A + p)e” A, (3.95)

Hence, conditioned on the event {busy, tx}, W is exponentially distributed
with parameter (A + p). The conditional probability density function of the time in
the system is given by the convolution of the individual densities, since W and .S are
independent. The corresponding complementary cumulative distribution function

we are looking for is

A
P(T > t|busy, tx) = %Mt - %ﬁ“mt (3.96)

If the packet finds the server busy and is dropped while waiting, the time it
spends in the system is exactly the time until the next arrival, to be denoted with
X, which is exponentially distributed with parameter A, conditioned on the event
that the next arrival occurs before the end of the service in progress R. As a result,
the conditional distribution can be calculated as

P(T > t|busy, drop) = P(X > t|X < R)

P(X >t X <R)
P(X < R)
B [ (e — e perrdr

B Joo (= e )perrdr
— o~ (Mt (3.97)
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Finally, using the arguments above, we rewrite (3.90)) as

P(T > t) = po exp(—pt)

P ARH e H

1 — AL o
A
+(1 - ~Out, 3.98
(=) (3.99
From (3.98)), we also have
P(T > t|tx) = bo eht

po+ (1 —po) st

_ L
e PR TT

pot+ (1=po)s [ A A ,

(3.99)

and the expected value

A

E[T|tx] = % + e

(3.100)

The expected value of the waiting time for a transmitted packet is calculated

using (3.95) to be
1 — K 1
B[ = — T (i)
po+ (L= po)s; \A+n
A
= —\ 3.101
(A4 p)? (3101)
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Chapter 4: Age of Channel State Information

4.1 Overview

In this chapter, we discuss a specific application of the concept of age of infor-
mation, proposing a new framework to analyze the effect of outdated channel state
information on the performance of communication networks. We consider commu-
nication systems which rely on the feedback of Channel State Information (CSI)) to
perform adaptation functions based on the channel conditions between the source
and the destination nodes. The feedback is needed when the channel between
source and destination is non-reciprocal with the reverse channel, hence the source
node is not able to learn about the channel conditions directly, and requires the
destination node to report this information. The [CSIl may be reported periodically
or aperiodically.

As a result of the intervals between consecutive reports, in addition to the
delays due to framing, transmission, and processing times, the information available
to the transmitter can be an outdated CSI — an effect called aging of the [CSIl The
aging of the may lead to inefficient or even erroneous communication, thus
it should be taken into account when designing feedback channels and protocols

for use of this feedback. Among the factors causing the aging of the [CSI we list
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(4) measurement times, (4¢) transmission delay, (44¢) processing time required to
decode and estimate the channel quality, (iv) processing time to run adaptation
functions, (v) frame times, and (v%) the interval between consecutive feedbacks.

Our proposed framework based on the age of information is focused mainly on
the effect of periodic feedback on the performance of communication networks. We
consider a Finite State Markov Channel (ESMC) model, assuming that the channel
state takes values in a discrete, finite set. This simple channel model provides
mathematical tractability, and yields reasonably useful results and insights.

Finite state channel models have also been used before to analyze the effect
of delayed [CSIl Viswanathan presented the capacity of a [FSMC for a single user
as a function of the feedback delay in [78]. The capacity region of the finite state
multiple access channel with delayed [CSI at the transmitter was presented in [79).
As opposed to |78,79], we do not focus on the characterization of the achievable
data rates. Instead, we formulate utility functions as a general performance metric
that can even account for the cost of feedback. The cost of training and feedback
has also been addressed in [80], but assuming a Gaussian broadcast channel, a one
step Minimum Mean Square Error (MMSE]) estimator of the channel, and the sum
rate as performance metric.

The performance degradation caused by delayed was also verified by simu-
lation. In [81], the authors have studied the degradation in the sum capacity caused
by the feedback delay, and concluded that the delay is a dominant factor in defining
the upper bound for achievable data rates in multi-user diversity systems. In [82],

the authors also analyzed through simulation the effect of channel information delays
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on the sum-rate, showing that multi-user Multiple-Input Multiple-Output (MIMO])
retains the advantage over the single-user case for typical operating conditions re-
garding Doppler shift and channel information reporting intervals. Our work com-
plements these observations with an analytic characterization of the effect of the age
of on the performance of a wireless link and, thus, provides valuable insight for
design and parametrization of channel adaptation functions.

The remaining of this chapter is organized as follows: section [4.2] presents
the system model, including the model adopted in this work. The periodic
feedback scheme is described in section 1.3}, where we exploit the Markovian property
of the channel, using the to estimate the current state of the channel. We
associate rewards (or penalties) with the decision about the channel state and choose
the decision rule that maximizes the expected reward with respect to the distribution
of the current channel state. Section {4.4] presents possible choices for the rewards,
and the definition of a general utility function as a performance metric for the
network, also accounting for the cost of feedback. In section we use a simple
channel model with two states to investigate the effect of the age of on the
probability of error in the channel estimation. Section [£.6] presents an application
of our proposed framework for the case of Rayleigh fading channels, and we discuss
the effect of the age of on the performance, considering the Signal-to-Noise
Ratio (SNR]) and maximum Doppler shift in the channel. The application of our
framework to multiplexing systems is presented in section [1.7] where we consider
that multiple orthogonal resource blocks are allocated to one user which should

report a vector with the |[CSI| of all channels, and we analyze an alternating feedback
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scheme. The discussion about future lines of investigation is presented in section

[4.8] and the contributions in this chapter are summarized in section

4.2  System Model

We consider a communication link between a Base Station (BS) and a mobile
user. Information is transmitted in time slots. The mobile user obtains samples
of the channel conditions in the downlink and reports the to the in the
beginning of each frame of duration 7 slots. Let n denote the index of each time
slot in a frame, n € {0,1,...,7 — 1}.

We adopt a model, assuming that the channel conditions evolve as in
a Markov chain y. The channel is assumed to be stationary, so that the probability
transition matrix for this Markov chain is independent of the time instant. We also
assume that the channel conditions remain constant for the duration of one time
slot.

Figure illustrates the channel model. The Markov chain has M states in
the set S = {1,2..., M} which represent different fading conditions. Let S,, denote
the channel state at time slot n, S, € S, n € {0,1,...7 — 1}. The transition
probability from S, = s to S,41 = m is denoted with Pg,,, where s,m € §. In
this Figure, we illustrate solely the self-transitions and the transitions to neighbor
states, for simplicity.

The use of [ESMC| to model time-varying fading channels is well established

in the literature [83]. The [ESMC is adequate to model channels with memory
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Figure 4.1: Finite State Markov Channel Model.

5 | CSI Available

f———
0o -~~~ n - 7-1 Time
T
Report CSI Report CSI

Figure 4.2: Periodic reports of Channel State Information ((CSIl), with period 7. The
[CST may be available only after an interval 4.

and to exploit the advantages of the use of feedback. The [FSMCl is also suitable to
model channel error bursts, to design coding and decoding schemes for channels with
memory, and to devise efficient adaptive schemes with reduced feedback bandwidth.
It has mathematical tractability, at the same time it provides useful insights.

We have mentioned several factors that cause the aging of the We repre-
sent with a random variable ¢ the time elapsed since the user obtained the channel
knowledge, until the instant it will be used by the [BS, which includes delay and
processing times, mentioned in section {4.1f as factors (2)-(v).

The interval between consecutive reports mentioned in factor (vi) will be
denoted with 7, which is deterministic in the case of periodic feedback, and random
in the case of aperiodic feedback. In current standards, such as Long Term Evolution
(LTE), both periodic and aperiodic feedback modes are supported [61, Chapter 10].
The case of periodic feedback, with constant interval between consecutive reports, is

illustrated in Figure 4.2l The interval 7 should be selected such that P(6 > 7) = 0.
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The work presented in this thesis investigated the effect of the interval between
consecutive reports, 7, under the light of the age of information concept. Small
values of 7 correspond to frequent updates of the sent to the through the
feedback channel, but this parameter can not be made arbitrarily small, due to
signaling overhead and energy consumption at the user equipment. On the other
hand, very large values of 7 may compromise the performance of the system, since
the adaptation functions performed by the make use of outdated [CSIl For this
reason, the effect of the age of should be well understood in order to implement

efficient adaptation.

4.3 Channel Feedback and Channel Estimation

In this section we describe the feedback mechanism and the channel state
estimate to be used by the [BS, considering the periodic feedback scheme illustrated
in Figure [4.2]

The is sent from the mobile to the at the beginning of a frame, and
each frame has 7 time slots. At first, we assume that the channel state is available
to the without errors or delays in the first time slot of the frame. That is, to

study the effect of 7 on the performance, we disregard the variable 0 by assuming

The channel state in a time slot takes one value in the set S. Let P represent
the probability transition matrix of the Markov chain illustrated in Figure 4.1, The

matrix P is a M x M matrix with entry Pj ,, in the sth row and mth column, where
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Psm = P[Sj+1 = m|S; = s], with s,m € S. Under the assumption of a stationary
channel, P, is independent of j. The n-step transition probability matrix P™ is
the M x M matrix with entries Pg’:‘m = P[Sj4n, =m|S; = 3|, for s,m € S, and it is
also obtained as the nth power of the transition probability matrix P.

The probability distribution of the channel state S,, in time slot n can be
determined using the n-step transition probability matrix, and the initial channel

state in the frame, denoted with Sy, Sg € &, which is learned through the feedback

channel. We define the vector
]P(Sn’SOZS>:]P(S0:S)Pn, n:1,...,7'—1, (41)

where P(Sy = s) = e, a row vector in RM with all entries equal to zero, except
for the entry in the sth position which is equal to one, since we assume that S is
known to the in the beginning of the frame. In other words, given the initial
observation in the frame, Sy = s, the probability distribution of the channel state
in time slot n of the same frame is equal to the sth row in the n-step transition
probability matrix P", forn=1,...,7 — 1.

At the a decision is made about the channel state at time slot n, n €
{0,1,...,7—1}. We define a decision variable, to be denoted with D,,, which could
represent the channel state estimated at the [BS] or it could be a map from the
channel state to an action. We will assume the first, hence D, € §. For a pair
(S, D) = (m,d), which indicates the channel state and the decision at time slot
n, we associate a reward, to be denoted with R,,, 4. The reward takes values in the

real numbers, R,, 4 € R for all m,d € §. The reward matrix is the M x M matrix
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R, with entries R,,, 4, m,d € S.

Denote with r(n) the received reward at time slot n. At time slot n, only the
distribution of the channel state .S,, is known. Hence, for a given decision variable
{D,, = d}, we calculate the conditional expected received reward, conditioning on

the initial observation {Sy = s}, as

E[r(n)|So =5, Dy =d] = RpudP(S,=m|Sy=s), n=1,...,7—1, (42)

meS

where the probability in the right-hand side does not depend on the decision variable
D,, because, given the initial channel state Sy, the decision made at the does not
bring any additional information about the actual state of the channel at the time
slot n.

Let R be the matrix containing the conditional expected rewards at time slot
n(n =0,1,...,7 — 1), given the initial observation {S; = s}, and the decision
variable {D,, = d}. Note that we can write this matrix using the n-step transition
probability and the reward matrix, as R = P"R. Each entry in row s and column
d will be

Rya=E[r(n)|So=s,D,=4d], s€S, deS. (4.3)

We define the decision rule to be the determination of the value of D,, that
maximizes the expected reward in a time slot, given that {Sy = s}. In this case,

the decision variable takes the value

d* = argmax E[r(n)|Sy = s, D,, = dJ. (4.4)
des

When the decision variable takes the value in (4.4)), we write the reward in
the time slot as 7*(n). The expected received reward is obtained averaging over
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the probability distribution of Sy. We assume that S; is distributed according to

the steady state distribution, denoted with m = [my, 7o, ..., my|. For each time slot
n=1,...,7—1, we have
E[r*(n)] = > E[r(n)|So = 5, Dy = d*. (4.5)
seS

4.4 Rewards and Utility Definition

In this section, we describe the selection of the rewards R, 4, m,d € S, for
many cases of interest. Recall that R, 4 is the reward associated with channel state
S, = m and decision about the channel state D, = d. First, we define the rewards
in order to obtain the probability of error in the decision regarding the channel state.
Later, we present alternative definitions of rewards, as functions of the transmission
rate achievable under certain channel conditions.

A general utility function is defined taking into account the rewards accumu-

lated in a frame of duration 7, as well as the cost of feedback.

4.4.1 Error Probability

In this subsection we define the rewards so that the decision rule defined in
(4.4)) minimizes the probability of error in selecting the channel state. One possibility
is to treat all error events equally, by attributing penalties R,, 4 = —1 if m # d, and

Rym = 0 for all m € S. In this case, all the entries in the matrix R of expected
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rewards are of the form

Rog=—Y P(S,=m|S=5), s€S, deS, (4.6)

meS

m#d
hence the decision rule defined in (4.4]) selects the most likely state according to the
conditional distribution P(S,,|So = ), in order to minimize the error defined as

E.(s) =Y P(Sp=m|Sy=s), s€S, deS. (4.7)

I

It may be desirable to identify different types of errors, and attribute different
penalties to them. For example, consider that S is an ordered set, representing better
channel conditions with a larger number m € {1,..., M}, so the order of the states is
important. When overestimating has a different effect than underestimating, it may
be desired to penalize only the overestimation as an error, which could be associated
with an outage, as the channel conditions are assumed to be better than they actually
are, and the selected transmission rate is not supported by the channel. A trivial
result is obtained if we set R,, 4 = —1 when m < d, and R,,, 4 = 0 when m > d, for
all m € 8. In this case, the decision rule in yields d* = 1, for all s € S. In
other words, if there is no reward to risk, the optimal decision is very conservative,
and always selects the smallest channel state. In the next subsection, we define the

rewards proportional to the transmission rates supported by the channel conditions,

and obtain non-trivial decision rules.
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4.4.2 Rate Rewards

Let the states of the Markov chain y be associated with different transmission
modes over the communication link. For each mode of operation identified by m,
m € {1,2,..., M}, the [SNRI takes values in the interval (I',,,',,41). This work is
not concerned with the modulation and coding for each transmission mode. Instead,
we simply describe the spectral efficiency associated with mode m, using the
value 7, € [, [ina1), and the approximation log(1 + v,,) for the rate.

The reward associated with the pair (S, = m,D, = d) can be defined to

penalize overestimation errors as follows:

—log(1+4) ifm <d,
Rina = (4.8)

| log(1 + 7a) if m > d.

It is also possible to penalize both types of errors, but with different penalties.
One interesting case is to set the penalties as the difference between the rate ob-
tained and the rate supported by the channel. When the channel is overestimated,
the rate obtained is zero, and this decision is penalized with the negative of the
rate that could have been transmitted. When the channel is underestimated, the
communication with a lower rate is assumed to be successful, but the transmission
rate could have been larger, so this larger rate is subtracted as a penalty. The rate
rewards would be defined as follows:

(

—log(1 + vm) if m < d,

Rind = 4 log(1 + 74) if m=d, (4.9)

log(1 4 v4) — log(1 + 7,,) if m > d.
\
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4.4.3 Utility function and the age-performance trade-off

We have defined a reward r(n), received in each time slot, as a function of the
real channel state .S,, and the decision made about the channel state D,,. Because
the current channel state is unknown, we calculate its expected value, assuming
that the channel state has the Markov property, and that the channel state is sent
through a feedback channel once per frame.

Reporting the once per frame has a cost. One can model, for example, the
energy spent on feedback, or the time and bandwidth dedicated to this activity. In
any of these cases, as the frame lasts longer, the cost per time slot becomes smaller.
On the other hand, the channel state estimate becomes less accurate if the channel
feedback is too sparse. Clearly, when we consider the cost of feedback, we identify
the trade-off between the age of the and the performance of the system.

To define a general utility function, we denote with C’. the average cost per
time slot to report the [CSI. We require that C; is inversely proportional to 7. For
example, C; can be simply the total feedback cost, expressed in appropriate units,
divided by 7. We also define the average expected reward in a frame, denoted with
R, and obtained by dividing the cumulative expected reward by the length of the

frame. Finally, the general utility function is defined as
1 *
U.-=-)» E[r*(n)] - C;, (4.10)
T

where E[r*(n)] was defined in (4.5)) as the expected reward under the decision rule

in .

136



«
=5

Figure 4.3: Gilbert-Elliot Channel Model.

4.5 Analysis for a Gilbert-Elliot Model

In this section, we consider a particular case of [FSMC], namely the Gilbert-
Elliot channel model, assuming that the number of states is M = 2. We use this
simple model to illustrate the effect of the age of on the probability of error
in estimating the channel state. We exploit the simplicity of the channel model to
understand the effect of age under different channel conditions.

Consider the channel model presented in Figure 4.3l The two-state Markov
chain represents the fading conditions as bad or good, described by the set S =
{B, G}. The channel state at time slot n is denoted with S,,, S,, € S. The transition
probability from (B) to (G) is denoted with «, and transition probability from (G)
to (B) is given by 1 — (.

For n > 0, the n-step transition matrix is given by

(1-B)+a(B—a)" a—a(f—a)”
a+1— a+1—
P = e A (4.11)
(1-8)-(1=B)B-a)" at(1-B)(B-a)"
a+l1-p3 a+1-p3

and the steady state distribution of the states is

1-p «
a+1—-8" a+1-73]"’

T =[rp, e = (4.12)

which is obtained from the simple linear system 7P(!) = 7, under the condition that

137



g+ g = 1.
Recall that P(S,]Sy = s) is the conditional distribution of S, given that the

channel state in the first time slot of the frame is Sy = s. Then

Pl =5 = [(1 - @: 1({65_ v a[lo;(f - ;)n]] : (4.13)
N

For each time slot n, let P(S,]Sy = B)(i) or P(S,|So = G)(i) be the ith entry
in the vectors defined in (4.13)), with ¢ € {1,2}. The conditional probability of error
at time slot n, given the initial observation Sy, will be denoted with E,,(S), and is

given by

E,(B) = min {P(5,|S = B)(1), P(S,[S0 = B)(2)}, (4.14)

E,(G) = min {P(S,|Sy = G)(1), P(S,[S = G)(2)}.

The probability of error in the nth time slot of a frame is obtained averaging
over the distribution for the initial state, which is assumed to be equal to the steady

state distribution, yielding

Note that |8 — a| < 1, since a € (0,1) and 8 € (0,1). Hence, in the distribu-
tions in , the terms depending on n are decreasing as n increases. Since the
channel is modeled by a finite-state Markov chain (which is irreducible, aperiodic,
and positive recurrent), each line of the n-step transition matrix converges to the

invariant distribution 7 [84, Chapter 4. As a result, in the limit, the error tends to
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the smallest value in the steady state distribution:

lim F, = min{ng, 7¢}. (4.16)

n—oo
We will say that the channel is unbiased if both states have equal steady state
probability, or 7 = [0.5, 0.5], and the transition probabilities are such that § = 1—a.

In the particular case of unbiased channels, we can write the probability of error as

_1-Qa—1)"

Ly
2

, ae(0.5,1), (4.17)

which tends to 0.5 as n goes to infinity. In the case of & = 0.5, the dependence on
n is eliminated, and the probability of error is equal to that using the steady state
distribution, which reflects the case in which no channel knowledge is reported.

Figure [4.4 illustrates the probability of error for unbiased channels, 7 =
[0.5,0.5]. With the assumption of § = 0, the age is zero in time slot n = 0, when
the BS is assumed to know the current channel state. Then, the channel knowledge
ages, since no information is reported. As « gets closer to unity, the probabilities
of transitioning between the two channel states becomes large, and the probability
of error increases slowly with the channel age. When o decreases towards 0.5, the
probability of error is more severely affected by increasing the age.

To understand the effect of the channel information age under different channel
conditions, we plot the probability of error versus the parameters o and ( in Figure
ﬁ. Figure shows the probability of error versus the transition probability «.
We consider 5 € {0.1,0.5,0.8}. The probability of error plotted for n = 1 is shown
in dotted curves with circles, and maximized for « = 0.5. The limiting cases with
n — oo are shown as full lines, and maximized when o = 1 — 3. Clearly, when
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Figure 4.4: Probability of error FE, versus frame duration for unbiased channel
model.

a =1— = 0.5, the effect of channel information age is irrelevant, and the two
curves overlap for all . When 1 — 3 < 0.5, the probability of error is affected by
the age of channel information only if & < 0.5. On the other hand, if 1 — 5 > 0.5,
then the probability of error is affected by n only if o > 0.5.

Figure corroborates the previous observations, showing the probability
of error versus the transition probability 5. Again, dotted lines with circles identify
the case n = 1, while full lines identify the limiting case as n — oo. The full lines
achieve the maximum value of probability of error for § = 1 — a. The three values
shown in Figure are for a € {0.1,0.5,0.8}. For n = 1, the probability of error
is maximized with $ = 0.5, independent of . When 1 — a < 0.5, the probability of
error increases with n only if § < 0.5. In the cases with 1 — «a > 0.5, the probability
of error is affected by n only if g > 0.5.

The observations from Figure 4.5| are summarized in Figure The values

140



0.5
o 04 |
2
= 03] D . :
:-C.'; 0.2 [ v 3 '... ._.. -
e . >
8 L] . )
2 0.1}/4 o |

0

\ \ \ \ \ \ \ \ \
0 01 02 03 04 05 06 07 08 09 1
«

(a) Probability of error E,, versus a.

0.5
04| _ :

0.3] e |

02+ . |

Probability of Error

| | | | |
0 01 02 03 04 05 06 07 08 09 1
s

(b) Probability of error F,, versus §.

0
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Figure 4.6: Sensitivity of probability of error to the age of information.

for the pair («, ), which characterize the channel, are divided in four regions, and
the point at the center corresponds to the values (0.5,0.5). When the channel
conditions are characterized by parameters o and 8 within the shadowed regions,
then the probability of error is affected by the age of the information, represented

in number of time slots by the parameter n.

4.6 Application to Rayleigh Fading

In this section, we consider the general model as described in Figure
4.1l Each channel state is used to represent a different level of under the
assumption of a Rayleigh fading channel between the mobile user and the [BS|

We define M intervals for the values of SNR] which are associated to each of
the M states in the Markov chain y. Let v represent the instantaneous value.
The channel state S,, belongs to a set S = {1,2,...,m,..., M}, with {S,, = m} if
and only if v € [[',,, ['e1) during time slot n. To characterize the FSMC| we define
the thresholds I',,,, and then describe the transition probability matrix.

First recall that, for a Rayleigh fading channel, the received [SNR] is exponen-
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tially distributed as

F() =~ exp (—1) , (4.18)

Yo

where 7y is the average [SNRI
The steady state probability that the channel is in state {S,, = m} is calculated

as

| PR 1 ~y
T = / — exp (——) dy, meS. (4.19)
T, 0 Yo

To determine the thresholds I',,,, we require that the steady state distribution
is uniform. That is, all the states have equal probabilities 7,, = 1/M, for all
m € S [85]. Other partitions are of course possible, as shown in [86], and [87].

Define I'y = 0, and I'j;1; = co. Then we obtain the remaining thresholds by

solving

T, Fm+1> 1
exp| —— | —exp | — =—, mes. 4.20
P ( Yo ) P < Yo M (4.20)

To calculate the transition probabilities, we assume that the transitions occur
only between neighboring states or are self-transitions. The transition probabilities
are approximated as the product of the level crossing rate N(I') by the duration of
the time slot (7"), divided by the probability of being in the first state |88, Equation

3.48|, as follows:

N(Cpo)T

Py = etV My, (4.21)
Tm,
N(T,)T
Py = YT o, (4.22)

where, in the case of a Rayleigh fading, the level crossing rate N for the received

signal power, for a given level I',,, average SNRI vy, and maximum Doppler shift f,,,
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can be written as |88, Equation 3.44]

— Jorkm e (10
N(Ty) = /2 e p< 70). (4.23)

To illustrate the effect of the age of [CSI| under the [ESMC| model for the
Rayleigh application, we consider the rate rewards, as defined in (4.9)). For each

channel state, the SNRIis such that v € [T',,, ['uy1), and we let

U + T
= % me{l,. .., M-1}, (4.24)
v =D, (4.25)
Riym = logy(l+vm) me{l,...,M}. (4.26)

Figure illustrates the utility value U, as described in , assuming
a Rayleigh fading channel model with M = 8 states, 79 = 10 dB, and f,, = 5
Hz. The feedback cost is modeled as a fraction of the maximum rate, that is,
C, = clogy (1 +y) /7, with ¢ € (0,1), modeling in-band feedback cost. We observe
a trade-off between the utility value and the frame duration, since both the average
reward and the cost are reduced when a longer frame is considered. As expected,
larger values of ¢ yield smaller utility values, but we also note that this difference is
significantly reduced as the frame duration increases. That indicates the importance
of addressing the age of the available in the first place, and then promoting a
reduction of the feedback cost.

Figure 4.8 illustrates the utility value U, in for a Rayleigh fading channel
model with M = 4 states, assuming vy = 10 dB. The in-band feedback is assumed to

be fixed C. = log,(1+71)/7, while we vary the maximum Doppler shift f,,. Clearly,
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Figure 4.7: Utility value versus frame duration for different feedback costs.
the utility values are smaller for larger values of f,,, which is expected, since the
channel conditions change faster in this scenario. For larger values of f,,, the utility
value also decays faster with the age of [CSIL We conclude that reducing the age of
is particularly important in scenarios with large values of f,,, which is the case,
for example, in high-mobility applications.

Figure [4.9] presents the utility value U, in for a Rayleigh fading channel
model, varying the number of states M, assuming v, = 10 dB, and f,, = 5 Hz.
The in-band feedback is assumed to be proportional to the smallest rate reward,
C; =logy(1 4 v1)/7. Larger values of M yield more [SNRI levels, reducing the value
of ;. Consequently, the feedback cost as we modeled here is decreasing with M. For
small feedback cost, the utility function may be strictly decreasing with the frame
duration, since the predominant effect is the decreasing rate reward, as observed
in the model with M = 32. Modeling the channel with larger M increases the

sensitivity to the age of [CSI| but it may also yield larger utility values for small

145



T

Utility value U_ = R, - C

1 _fm:5HZ ......'~~. .....'-ﬁ
- fm — 10 HZ .n.......
""" fm =15 Hz ..."'-....
\ \ \ \ \
5 10 15 20 25 30

Frame duration 7, in time slots

Figure 4.8: Utility value versus frame duration for different values of maximum
Doppler shift.

frames, when the cost of feedback is decreasing with M.

4.7 Application to Multiplexing

Let us now investigate the effect of the age of channel state information when
a mobile user is assigned multiple orthogonal resource blocks for communication.
This application is motivated by the use of multiple access techniques as Orthogonal
Frequency Division Multiple Access (OFDMA]) in current standards for mobile net-
works. The ultimate goal would be to develop resource allocation and feedback
schemes when a large number of resource blocks are allocated to multiple users,
making decisions based on aged [CSI. The results in this section give the initial
steps in that direction, considering a single user and a fixed number of assigned
resource blocks. The results have been partially presented in [62].

For each resource block, let the channel states be time-variant according to an
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Figure 4.9: Utility value versus frame duration for different channel models. We con-
sider Rayleigh fading with states associated to levels of SNR, and vary the number
of states M.

M-state Markov chain x, as described in section [£.2] For simplicity we assume the
channel conditions to be independent and identically distributed among the resource
blocks. This assumption is realistic if the resource blocks are sufficiently far apart
in the appropriate dimension, such as space or frequency. For example, in frequency
multiplexing, this assumption holds if the carrier spacing exceeds the coherence
bandwidth or if interleaving is applied in the frequency domain [89, Chapter 3|.

Let N be the number of orthogonal resource blocks allocated to one user.
The channel state per resource block belongs to the set S. Consequently, the overall
channel state can be expressed as a M-ary vector k with N elements and the Markov
chain models M states in a set denoted with Sy.

Based on this concept of a channel state vector, let us now use Psy to denote

the transition probability between the states s and k, with s,k € Sy. We represent
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the entries in these N-dimensional vectors as s = (s1, ..., sy). Under the assumption

that the channel state of each resource block is independent of the others, we have

N
Ps,k = H Psi,k“ (427>
i=1

with s;, k; € S, and Py, 4, as the transition probability of the model for each
resource block i € {1,..., N}.

Using the transition matrix P which characterizes the channel per resource
block, the Kronecker product A ® B between two matrices A and B, and the Kro-

necker power [90, Chapter 12| we define

pll.—1 (4.28)
pll.—p (4.29)
P2 =PxP, (4.30)
PH .—=pPgPkl f(=34,... (4.31)

With the definition of the Kronecker power in (4.31]), we can write the transi-
tion matrix Py, which characterizes the Markov chain for the M” channel states in
the multiplexing application, under the aforementioned assumption of independent

and identically distributed channel conditions.

Proposition 4.1. The transition matriz Py, which describes the Markov chain for
the MY channel states in the case with multiplezing, is given by Py = PN, with

entries Psy, s,k € Sy.

Proof: The proposition follows immediately from the definition of the

Kronecker power in (4.31]), which yields the formulation described in (4.27)). [ |
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Expressing the Markov chain through the transition matrix Py allows to apply
the theory from section [£.3| to study the effect of the age of on the utility of the
user. In order to estimate the channel conditions in the subsequent time slot, we
characterize the n-step transition matrix of the channel.

Let the n-step transition matrix of the channel be denoted with P%,. Using
the power property of the Kronecker product, this matrix can be calculated as the

Nth Kronecker power of the n-step transition matrix for a single channel.

Proposition 4.2. The n-step transition matriz of the channel, denoted with Py,
can be calculated as the Nth Kronecker power of the n-step transition matriz for a

single resource block. That 1s, the equalities
Pl = (P[NJ)" — ()M (4.32)
hold.

Proof: The statement in the proposition follows from the property for

powers of Kronecker products. If M; and M, are square matrices, then [91]
(My @ My)* = MF @ MF, k=1,2,... (4.33)

Using a simple induction argument, we can show that the same property holds

for a general Kronecker product. That is, assuming

(A @Ay @A) = AP @ Ak AF (4.34)
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we have

(Ag®@ Ay ® Ag- @ Ap)f = [Ag @ (A1 @ Ay - @ A
=A§®(A1®A2-~®Am)k

=Ap @ Ay Ay AL (4.35)

From Proposition [4.1], the transition matrix for the multiplexing application
with N resource blocks allocated to one mobile user is Py = P, where P is the
transition matrix for a M-state Markov chain, which describes the channel conditions
for a single resource block. The n-step transition matrix is obtained as the nth
matrix power of the transition matrix.

In general, when N resource blocks are allocated to a mobile user, and the
probability transition matrix is Py = P the n-step probability transition matrix

is obtained using (4.35]), with all matrices equal to P, and we have
(P[NQ” — P, pe{1,2,..}, Ne {2 ..}, (4.36)

as stated in Proposition [4.2] ]
The next step is to define the reward matrix. For the multiplexing application,
the reward matrix will be denoted with Ry, and it has entries Rg 4, with s,d € Sy.
Let Ry = R, as described in section [£.4] This matrix will define the reward
associated to a single resource block, and it could associate a rate reward, or a
negative penalty to identify estimation errors, for example. We assume that the

channel conditions in each resource block can be estimated separately, and we add
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the rewards. That is, we define
N
R‘S,d - Z Rsi,dia (437)
i=1

where s;, d; € S, and Ry, 4, is an entry in R which defined the reward when the

channel state of the ith resource block is s;, and the decision is d;, i € {1,..., N}.
Let 1,: be a M* x M? matrix with all entries equal to one, for z € {0,1,2...}.

The reward matrix Ry, with entries Rg 4 satisfying , can be constructed from

the individual reward matrix R using the following recursion rule:

R, = R (4.38)
Rv=R®1y~n-1+1y1 ®Ry_1, NE {3,4,...}. (4.40)

Proposition 4.3. Reward Matriz with Multiplexing

The reward matriz Ry, with entries Rsa satisfying (4.37)-(4.40) can be de-

scribed by
N

Ry=> (1) V@ R® Ly, (4.41)

=1

where (13) Y is the (i — 1)th Kronecker power, as defined in (£.31)), and we make

the definition of (1) = 1.

Proof: In the multiplexing link, when N resource blocks are allocated
to a mobile user, the channel conditions are represented in the state vector s =
(s1,...,8n). Let the decision about the channel states be described by the vector

d. The reward associated with the pair of vectors (s,d) is the sum of the rewards
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associated to each resource block, as stated in (4.37). The rewards associated to
each resource block are described by the M x M rewards matrix R.

In the case of N = 2 resource blocks, the rewards matrix can be written as

with 1,; representing the M x M matrix of ones.

When the dimension of the vector s is increased by one unit, the rewards will
have one additional term added. This additional term can assume values in the set
of entries of R. As a result, the rewards matrix can be constructed, in general, using
the recursion presented in (4.38]). That is, once we have Ry in (4.42)), we construct

the reward matrices as
Rv=R®&1yn~n-1+ 11 ® Ry_1, N€{3,4,...}. (4.43)
With the definitions of ]15\04} =1 and 1, = 1, we may also write

Ry = 1Y @R @ 10 (4.44)

Ro=1%@R®1n + 1Y @ R® 1 0. (4.45)

We proceed by induction to show that, for N € {3,4...},

N
Ry =) (1) V@R® Lyv-s. (4.46)
=1
Assume that
N-1 '
Ryvo1=Y (L) " ®R® Ly (4.47)

i=1

By construction, the rewards matrix in the case of N resource blocks is obtained
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using (4.43). Using (4.47)) in (4.43)) yields the desired formulation

N—-1
Rv=R®1yn1+1n® Z (ﬂM)[j_l] RKR® 1y~v-1-j
j=1
19 R 1Ly + > (1) ®R @ Lyvoios
=1

=

J
N

=Y (@) ®R® Lyn-. (4.48)
i=1

|
We illustrate how the age of channel state information affects a multiplexed
link by a numerical example, considering a simple channel model with M = 2 states,
as the one considered in section and illustrated in Figure The transition
probabilities are arbitrarily set to a = 0.03 and § = 0.97. We assume that the
rewards per resource block are (Ry 1, Ri2,Ro1,Ra2) = (0, —r, —r, ), with r = 1 bits
per second. This choice of rewards would be adequate, for example, if the user only
transmits when the channel is identified to be in good state. The two possible wrong
decisions about the channel state are penalized by a negative rate. This penalty is
attributed to R;> when a too optimistic decision leads to an outage event. The
penalty assigned to Ry, reflects a too pessimistic decision, resulting in a missed

opportunity to transmit.
The cost of feedback is modeled proportional to the number of resource blocks
N and to the rate reward as C; = NcRgo. Here, ¢ € (0,1) and Roy is the rate
reward attributed to a single resource block when the channel is in good condition

and it is correctly identified to be so. This representation is suitable for in-band

feedback, where a part of the channel resources available for data transmission is
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Figure 4.10: Utility value versus frame duration with multiplexing, with N resource
blocks allocated to one user. Gilbert-Elliot channel model with M = 2 states as-
sumed, with transition probabilities a = 0.03 and g = 0.97.

allocated to the feedback of channel states. Consequently, the cost for occupying
the channel to transmit the feedback messages can be modeled as a fraction of the
achievable data rate.

The results using the aforementioned numerical values are presented in Figure
[4.10l We observe that, if the frame duration is optimized, any increase of the
number of resource blocks results in a proportional increase of the utility. The gain
is expected, since we add the rewards for each resource block, but to fully benefit
from the multiple resource blocks, the age of channel state information clearly has
to be taken into account, since the cost to obtain channel state information also
increases with the number of allocated resource blocks.

In Figure [4.11] we remove the assumption that Sy is perfectly known in the

first time slot of a frame, to illustrate the effect of delay 6 on the channel state
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Figure 4.11: Utility value versus frame duration with multiplexing, with N = 5
resource blocks allocated to one user. Gilbert-Elliot channel model with M = 2
states assumed, with transition probabilities @ = 0.03 and § = 0.97.

information. Assuming § < 7 we illustrate the case in which the channel state is
known without errors at the mobile user, but it is only available to the in the
subsequent time slot. In this case, the state Sy is already estimated using a one step
transition probability matrix. We compare with the previous result without delay,
in which the state Sy is known in the first time slot of the frame. In this numerical
example, when 7 = 4 time slots, the delay causes a significant reduction of 11.4% in
the utility value. For 7 = 20, the reduction is of 13.9%. This observation indicates
the importance of addressing the delay o, even though the interval 7 has the major
impact on the utility value.

In the multiplexing application with N resource blocks, each taking values in
a set § of cardinality M, the problem dimension grows exponentially with N. To

mitigate this problem we propose that the feedback sent in the beginning of a frame
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Figure 4.12: Alternating feedback scheme for N = ab resource blocks. Feedback is
sent in a groups, each containing the CSI of b resource blocks.

contains the only of part of the resource blocks, alternating the resource blocks
reported in each frame. We call this an alternating feedback scheme.

Let the number of allocated resource blocks be N = ab, with a,b € Z, where
Z., represents positive integer numbers. Such representation is always possible, since
we can write N = 1V in case NN is a prime number.

We divide the resource blocks in a groups of b elements. In the beginning of
each frame, the mobile user will report the channel states for one of the groups. We
assume that the states of all b elements in the group are made available to the
without errors or delays. In the beginning of the next frame, the states for a different
group are reported, following a Round Robin scheme, as illustrated in Figure 4.12]

The expected rewards for all resource blocks are summed in each time slot.
Without loss of generality, consider a frame in which the for group 1 is reported.
For all resource blocks belonging to group 1, the age of in the nth time slot
is equal to n, n € {0,1,...,7 — 1}. The for resource blocks in group a was
reported in the previous frame, as a result, the age of at time slot n is equal
to 7 4+ n, and so on. Also, resource blocks within the same group yield the same

expected reward, under the assumption of identically distributed channels. As a
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result, the average reward in a frame is denoted with R, and can be described as
| =L ) .
R, = ;nzzojzlbm[r ((a — )T +n)). (4.49)

We model the feedback cost proportional to the number of resource blocks
within a group b and to the rate reward for a single resource block, denoted with
r. Let the feedback cost per time slot be C. = ber/7, with ¢ € (0,1). This rep-
resentation is suitable for in-band feedback, where a part of the channel resources
available for data transmission is allocated to the feedback of channel states. Con-
sequently, the cost for occupying the channel to transmit the feedback messages can
be modeled as a fraction of the achievable data rate.

We illustrate the alternating feedback scheme for the multiplexing application
in Figure [£.13] For this numerical example, we assume that N = 60 orthogonal re-
source blocks are allocated to the user, with independent and identically distributed
channel states. The [CSIl is reported in the beginning of each frame of duration 7
time slots, as before. We write N = ab, and change the values of a and b as indicated
to study the effect of reporting the of a few resource blocks each time. When
a =1, then b = N and the [CS]l of every resource block is reported in the begining
of every frame. When a = 2, the resource blocks are divided in two groups, and the
[CSTl of all the resource blocks in one group is reported in the beginning of a frame,
alternating between the groups. Similarly with the other values of a and b. We ob-
serve that subdividing the resource blocks in groups may yield larger utility values,

as long as the duration of the frame is small enough. In this numerical example, we

observe that for a frame duration larger than 7 = 10 time slots, the larger utility
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Figure 4.13: Utility value versus frame duration using the alternating feedback
scheme. N = 60 resource blocks with CSI reported in groups of 60, 30, 20 or 15.

values are achieved reporting the [CS]l for all resource blocks.

4.8  Future Work Discussion

In general, the analytical framework proposed in this work can be used to
derive limits and to choose the optimal operation parameters of channel adaptation
functions and feedback protocols. Alternatively, our models can be used to study
under which maximum Doppler shift and SNR a channel adaptation system with a
given feedback delay performs best. By enabling both perspectives, our analytical
tools provide new insight for wireless link design.

In the future, we intend to consider other channel models, extending the results
to other forms of autocorrelation in the channel model.

Future work using the proposed framework should also extend the results

regarding the allocation of multiple resource blocks to a user. The main goal would
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be to define feedback schemes so that a number N of resource blocks can be selected
among K, with N < K, while accounting for the age of Channel State Information
(CST) available to make resource allocation decisions. A scenario with multiple users
should be investigated, and tools as Markov Decision Processes (MDP]) can be useful

for this purpose.

4.9 Chapter Summary

Assuming a non-reciprocal Finite State Markov Channel (FSMC) and a single
channel-adaptive communication link with periodic feedback, we provided an ana-
lytical characterization of the effect of the age of Channel State Information ((CSI))
on the performance of wireless links. The resulting model allowed us to express the
effect of the age of on the utility of a wireless link, and to study the trade-offs
between performance, feedback period, and feedback cost. We applied this frame-
work to a Rayleigh fading channel, as an example, and studied the effect of feedback
overhead, maximum Doppler shift, and Signal-to-Noise Ratio (SNRJ), analyzing the
performance through a general utility function that accounts for rate rewards and
feedback cost.

We have also investigated the effect of the age of [CSI|when multiple orthogonal
resource blocks are allocated to one mobile user, and the channel conditions are
represented by a vector. We proposed the use of an alternating feedback scheme,
and verified its efficiency in improving the utility value, when compared to the

periodic feedback of the [CSI| for a large number of resource blocks.
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Chapter 5:  Conclusion

In this dissertation we have considered two important aspects of communica-
tion systems, namely the energy efficiency and the age of information.

The energy efficiency has been studied in the context of cognitive networks,
in which users may have high-priority or low-priority to access the spectrum. We
proposed a new parametrization consisting of two parameters: the required quality
of service of the high-priority user, and the interference tolerance. This parametriza-
tion is useful to characterize the intricate relationship between the transmission pa-
rameters for high- and low-priority users, allowing the investigation of performance
trade-offs for both classes of users. We have considered three spectrum sharing
schemes for non-cooperative cognitive networks, and studied the trade-offs between
energy efficiency and throughput, and between energy efficiency and spectrum sens-
ing accuracy. Further investigation is encouraged to account for the energy spent in
spectrum sensing.

As an alternative to non-cooperative schemes, we envision that a low-priority
user may be requested to act as a relay for the high-priority user, in exchange for
an opportunity to use the network resources. We have considered two cooperative

schemes for cognitive networks. The first cooperative scheme is inspired by the non-

160



cooperative scheme named Underlay, in which both classes of users may transmit
simultaneously, given an interference tolerance imposed by the high-priority user.
For this Cooperative Underlay scheme, we have analyzed the trade-off between en-
ergy efficiency and throughput, and verified the advantage of using full-duplex relay
nodes, for different levels of self-interference cancellation. Further investigation is
needed to account for the overhead incurred by cooperation and its impact on energy
efficiency.

We have also proposed a second cooperative model, inspired by the non-
cooperative model named Interweave, in which the user with lower priority may
only access the spectrum when the high-priority user is silent. In our coopera-
tive model, two users share the spectrum during a time frame, which is subdivided
in three portions, allocated for individual transmissions and for cooperation. We
proposed a game theoretic model to obtain the optimal allocation for these three
activities. The proposed game model is a Stackelberg game, with the high-priority
user acting as a leader, maximizing a utility function that accounts for transmis-
sion rates and energy spent in transmission. The low-priority user is the follower,
and it responds to the leader’s action with the rational response that maximizes
the utility function, accounting for transmission rates, energy spent in transmission,
and energy spent as a relay. The game model implements cooperation incentives in
the form of credits, that are taken into account by the users when selecting their
strategies. As a result of the game, we obtain two parameters that define how the
frame will be allocated between the two users and the relaying activity.

We then proceeded to discuss the concept of age of information. We have
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formally defined the age of information in status update systems and two metrics
that characterize the age, namely the average age and the peak age. The peak age
is a new proposed metric, which presents great potential in the characterization of
age, given that it is more simple to calculate, and its average values are shown to be
close to the average age. The peak age is also important for applications that require
the age of information to stay below a threshold. We have discussed five different
models for status update systems, using queuing theory. Three of those models are
new, and consider the use of packet management before transmission, in order to
avoid wasting network resources with the transmission of outdated information. Our
proposed scheme with packet management and packet replacement in the buffer is
modeled with a new queue model, which requires careful analysis, since classic results
such as Little’s theorem fail to apply. We have shown that this packet management
scheme is efficient in reducing the average age and the peak age, when compared
to the other analyzed schemes. Future investigations on age of information should
characterize the information theoretic aspects of age, define the notion of effective
age, and utilize age metrics as design criteria to deploy communication systems
optimized to deliver timely information.

Finally, we have considered an application of the concept of age of information
to the transmission of Channel State Information (CSIl) using feedback. Assuming a
non-reciprocal Finite State Markov Channel (ESMC]) and a single channel-adaptive
communication link with periodic feedback, we provided an analytical character-
ization of the effect of the age of on the performance of wireless links. The

resulting model allowed us to express the effect of the age on the utility of a wireless
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link, and to study the trade-offs between performance, feedback period, and feed-
back cost. We applied this framework to a Rayleigh fading channel, as an example,
and studied the effect of feedback overhead, maximum Doppler shift, and required
Signal-to-Noise Ratio (SNRI). We have also investigated the effect of the age of
when multiple orthogonal resource blocks are allocated to one mobile user, and the
channel conditions are represented by a vector. We proposed the use of an alternat-
ing feedback scheme, and verified its efficiency in improving the utility value, when
compared to the periodic feedback of the for all resource blocks. In general, the
proposed analytical framework can be used to derive limits and to choose the opti-
mal operation parameters of channel adaptation functions and feedback protocols.
Alternatively, our models can be used to study under which maximum Doppler shift
and SNR a channel adaptation system with a given feedback delay performs best.
By enabling both perspectives, our analytical tools provide new insight for wireless
link design. Further extensions of this work should consider the decision process in
adaptation functions, combining our framework with Partially Observable Markov
Decision Processes to determine the best decision strategy for utility maximization,

including the cases with multiple users.
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