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Abstract:

This document reports on the final assessment on [MAC| enhancements and cooperation tech-
niques designed and studied in the project and in particular in WP2. The document
contains results and algorithms for the enhancement of [LTEl networks, 802.11 networks and
[HetNetk in extremely dense deployments. A key result of the study presented in this deliver-
able consists in the assessment of a [CPSbased modelling technique to evaluate the capacity
region of wireless networks, which can be adapted to analyse either [LTE] or [EEE] 802.11, and
all techniques that use [LTE] and IEEE] 802.11, for instance [D2D] schemes based on such wireless
technologies. As concerns [LTEl networks, the document presents the assessment of innovative
user association strategies for energy efficiency, interference control techniques, and [D2DFbased
offloading schemes. As concerns [EEEI802.11 networks, the document reports on new distributed
[MAC] control techniques and ad hoc schemes. As concerns [HetNeth, the document includes
a study on the optimisation of spectrum utilization in heterogeneous [LTE/LTE-Al networks and
the analysis of mode selection for offloading in heterogeneous [LTE/LTE-Al environments.
The key factor behind the success of the proposed enhancements and cooperative schemes
is the deployment of a multi-tier and multi-time-scale control architecture like the one proposed
in the project.

Keywords:
’ 802.11, LTE, HetNet, MAC enhancements
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Executive summary

The main purpose of this document is to present the final assessment of techniques studied and
designed in the frame of WP2 of the project. Such techniques propose enhancements
for protocols and cooperation mechanisms in [CTE/CTE-A] TEEE] 802.11-based (WLANE, and
consisting of devices using [LTE and [EEE] 802.11 technologies. Such specifications aim at
the improvement of [[TE] and [EEER02.11 standard features to augment the capabilities of standard
protocols in extremely dense and heterogeneous wireless networks. In our proposals, all such
networks operate under the control of controllers, according to the architecture
designed in the project and described in Deliverables D1.1 [I] and D1.3 [2], which adopts an
based approach. Such choice allows to implement multi-tier and multi-time-scale control functions,
and here we focus on mechanisms that benefit from the control operated on a short time-scale and
with a local scope, i.e., in a district of interfering or geographically close devices with overlapping
coverage of multiple cells and [WLANk. The specifications for the enhancements described in this
document have been reported in Deliverables D2.1 [3] and D2.2 [4], while here we report on the
final assessment of such techniques and on the further refinements of the techniques previously
designed in WP2. Such refinements have been based on the feedback from other work packages,
and in particular from early implementation and integration experiments carried out in WP5.

The document shows that the performance of [LTE|/[LTE-Al networks can be substantially im-
proved by means of controlling user association, intercell interference, and inband relay schemes
(using [LTEI [D2D]). Similarly, can leverage control theory-based optimisation of
parameters, cooperative relaying schemes—including [D2Dlbase relay—and cooperative and dis-
tributed channel access schemes to dramatically improve spectral efficiency. The document also
shows how to optimise resource and user allocation in cellular networks with cells of heterogeneous
size, by jointly leveraging base station cooperation at both resource allocation and user association
levels. Last but not least, our results on network cooperation and relay prove to be suitable for the
optimisation of [HefNefk. However, to be effective, the control functions for [[TE] TEEE] 802.11 and
have to operate at different geographical scales and at different time scales. In particular,
this document focuses on mechanisms that work at a local time scale (i.e., in a[CROWDI district [2]
and on packet/frame time scale, to cope with interference, shared resource access, distributed and
centralized access control, cooperative resource utilization, opportunistic packet relay and energy
efficiency.

The scientific achievements of WP2 described in this document include design and assessment
of mechanisms for the enhancement of [LTE] networks, TEEE] 802.11-based networks, and
consisting in [LTE cells of various sizes, legacy [IEEE] 802.11 devices, [WiF1 Direct links and
relay links using licensed and unlicensed frequencies with inband and outband resources. Specif-
ically, the key mechanisms assessed in this document are: (i) energy efficient user association
strategies for cellular networks, based on the minimisation of the number of active base stations in
[LTE/LTE-Alnetworks; (ii) distributed and semi-distributed algorithms for deciding [ABSF] patterns
based on interference conditions; (iii) innovative analytical methods to predict network capacity
and performance figures for wireless networks (LTE] and [D2D]) based on modelling
methods using network calculus and stochastic queueing theory results; (iv) control theory-based
mechanisms for the optimisation of distributed channel access in WLANE; (v) novel [EEE] 802.11
relay techniques using Wireless Fidelity (WiEl) Direct communications; (vi) algorithms for
time-frequency resource allocation and user allocation to optimise [eICIC] in [LTEl/[LTE-A] networks
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with cells of heterogeneous sizes. (vii) hybrid [CTE)/802.11 networking cooperation schemes with
opportunistic multi-mode relay protocols for [HetNetk.
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Key contributions

The main technical contributions of this deliverable are as follows:

The assessment of user association strategies for saving energy without wasting network
capacity in very dense networks, especially for the case of femtocells.

The assessment of novel game theory-based semi-distributed mechanisms for Enhanced Inter-

Cell Interference Coordination (eICIC)) in [LTE/LCTE-A] using the [ABSE| mechanism.

The assessment of [D2D] inband techniques for [LTE|/LTE-Al networks, based on the analysis
of the capacity region for cellular and [D2D] users.

The assessment of [ADQOS], a distributed channel access scheme in [EEE] 802.11 networks
running under the guidance of control theory-based distributed schemes.

The assessment of SOLORL an inband [D2D] relaying scheme for IEEE] 802.11 networks using
[WiF1 Direct.

The assessment of optimisation of resource allocations in [EEE] 802.11 networks, based on the
characterisation of stability region and performance figures of [D2D| inband schemes achieved
by means of [CPSk models.

The assessment of techniques to optimise [eICIC] parameters, namely for [CIO] and [ABSF to
achieve proportion fairness under strict power constrains in [LTE)/[LTE-Alnetworks with macro
and small cells.

The assessment of [D2D] schemes and [D2D] mode selection mechanisms when heterogeneous
technologies are available in [HetNetk.

The key contributions to the research and standardization communities resulting from the work
performed within the aforementioned activities are the following:

A journal article on experimental 802.11 research works has been published in [EEE] Com-
munications Surveys and Tutorials [5].

A journal article on optimised [D2D] relay modes in [HetNefs has been published in [ACM]
SIGMETRICS Performance Evaluation Review [6].

A journal article focusing on the control theoretical design of an adaptive distributed op-
portunistic scheduling mechanism for [EEE| 802.11-based fNLANE has been published in
TEEE/ACM] Transactions on Wireless Communications [7].

A conference paper focusing on game theory for semi-distributed control of [ABSF| has been
published in the proceedings of [EEE] SECON 2015 [g].

A conference paper focusing on [CPY| techniques for analysing and optimising inband [D2D]
transmissions in [[TE/[LTE-Al networks has been published in the proceedings of [EEE COM-
SNETS 2015 [9].
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e A conference paper focusing on [CPS| techniques for analysing and optimising inband [D2D]
transmissions in 802.11 /[WiF1 networks has been published in the proceedings of [EEE ICC

2015 [10].

e A conference paper focusing on optimisation of [D2D] mode selection in has been
published in the proceedings of [EEE] WoWMoM 2015 [11].
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1 Introduction

As discussed in Deliverables D2.1 [3] and D2.2 [4], wireless and heterogeneous dense deployments
exacerbate the issues related to radio interference and medium access control. Indeed, network
performance suffers due to interference in terms of degradation of spectral efficiency, while the
emergence of mobile Internet has burdened cellular networks with new types of traffic which are
definitely more resource consuming than traditional voice services.

Existing solutions such as and similar mechanisms for [e(ICIC], the introduction of cells of
different sizes and technologies for improving coverage and bandwidth density, or the adoption of
schemes with inband and outband characteristis, need to be controlled to achieve substantial
network performance gains in terms of Key Performance Indicators (KPI) like throughput, fairness
and energy efficiency. [CROWD offers such a control architecture, which is able to decouple local and
regional control and to differentiate between different time scales for the needed control actions, as
described in Deliverables D1.1 [I] and D1.3 [2]. Therefore we adopt the architecture and
study controllable mechanisms. Specifically, in this document we focus on short time scale control
mechanisms and local controlling functions, i.e., affecting the behavior of nearby and interfering
network devices.

In this document we assess those enhanced Medium Access Control (MAC) and cooperative
mechanisms proposed in to counteract the effects of interference and congestion in dense
wireless networks, which includes (7) the optimisation of radio resource allocation schemes, (ii) the
quest for energy efficiency, for sustainability reasons, and (iz) the possibility to allow for network
controlled collaborative schemes using, e.g., the paradigm or game theory based approaches
to enhance spectral efficiency and offload the cellular network infrastructure. Specifically, the
document contains results and algorithms for the enhancement of [LTEl networks, [TEEE] 802.11
networks and [HetNetk in extremely dense deployments. As concerns [[TEl networks, the document
presents the assessment of innovative interference control techniques and [D2DFbased offloading
schemes. As concerns [EEE] 802.11 and Wireless Local Area Network (WLANI) networks in gen-
eral, the document reports on new distributed techniques and ad hoc schemes. As concerns
[HetNetk, the document includes a study on the optimisation of spectrum utilization in heteroge-
neous [LTE/LTE-A] networks and the analysis of mode selection for offloading in heterogeneous
[LTE/LTE-Al environments. With respect to the characterisation and optimisation of wireless net-
works, we also propose a novel technique based on the modelling paradigm, for which we show
how to achieve computationally acceptable approximations in [LTE], (WLANE, and [HetNetk.

1.1 Document structure
The remainder of this document is structured as follows:

e In Chapter 2] we present the results of our research on [MAC] enhancement and cooperative
mechanisms. Specifically, Section [2.1] presents the performance assessment of mechanisms for
cellular networks like [LTE] and [LTE-Al Section presents the assessment for cooperative
and control-based mechanisms for [EEE] 802.11 networks, and Section focuses on the
assessment of mechanisms proposed in for the control of interference and
operations in [HetNefk.
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e Concluding remarks are presented in Chapter [3]

e At the bottom of the document, we report in the appendix many additional details on the
techniques, the analysis, and the experiments pointed out in Chapter
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2 Research activities

2.1 CTEl enhancements

We start with the description of the assessment of new mechanisms to boost the efficiency of cellular,
[CTEHike networks, in presence of very dense deployments. Specifically we showcase the potentials
of (i) energy efficiency yet throughput efficient user association policies in cellular networks, (1)
controlled but distributed [eICIC] schemes, and (4i) relay mechanisms aware of network capac-
ity and interferences generated to and from transmission using inband resources (i.e., sharing
cellular resources with [LTE] users).

2.1.1 User association strategies

Dense heterogeneous networks constitute the paradigm for the future wireless networks. For this
reason operators and standardisation bodies are particularly eager to solve density issues. Here we
focus on extremely dense networks of small cells, e.g., femtocells, that could be found in crowded
public places, offices or alike environments. In such deployments, energy consumption must be con-
strained to have sustainable operational costs. To achieve this goal, we have introduced new mech-
anisms in Connectivity management for eneRgy Optimised Wireless Dense networks ([CROWDI)
for the association of the users to base stations, aiming at minimising the energy consumption of
the LTE access network. In this document we assess the trade-off between capacity and energy
consumption that can be achieved thanks to the control architecture and a suitable load
balancing of users among [eNBk. Specifically, in [CROWDI] we have studied new user association
algorithms for dense [[TEl networks. Here we assess the performance of the algorithm proposed in
our previous deliverable, and in particular in Deliverable D2.2 [4].

2.1.1.1 System model

We consider a dense network of femtocells, with U [UEs and B physically connected to a
hierarchy of switches with limited capacity. As in [12], we assume that[UEk and[eNBk are distributed
over a finite flat surface using the MT19937 algorithm for random number generation [13]. An
example network is illustrated in the reference diagram depicted in Figure 2.1

In order to keep the complexity of the presented dense access network low, we propose to set the
transmission power Prx to the same value for all the [eNBk. Specifically, Prx is a constant value
set to 15 dbm. Regarding the power received from the [UEE, the following result holds:

Prx :PTX_(L(k7i)+LNS(k7i))7 (21)

where L(k,i) and Lyg(k,i) are respectively the path loss for femto-cells, computed as in [14]—
ie., L(k,i) =37+ 30 log(d(k,i)), where d(k,i) is the distance UE i - eNB k—and the log-normal
shadowing expressed in decibel units. We call association the process by which every [UElis assigned
to at most one[eNBl based on the static positions of all[UEk and [eNBk. When the association phase
ends, we assume that the maximum Modulation and Coding Scheme (MCS]) supported, based on
its Signal to Interference plus Noise Ratio (SINR)), is assigned to each [UE] i associated to j.
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~enB Que

Figure 2.1: Example of LTE dense network, with UEs and eNBs.

We compute such [SINR] (SINR;(j)) as follows:

SINRi(j) = Prx(,7)
N + Zszl,k;éj,kez Prx(k,i)’

(2.2)

where Prx(j,4) is the power received by [UEl ¢ from [eNB] k, considering both propagation and
fading, while Z is the set of to which no [UE] is assigned to. Finally, we assume that the
throughput of [UE] i can be computed as follows. Once all the associations are performed and the
actual is computed, , the efficiency of user ¢, 7;, is obtained through:

SINRE ) (2.3)

n; = logy <1+ T

where T is a parameter that depends on the Bit Error Rate (BER]) target. Assuming that [UE]l7 is
the only user associated to [eNB] j, the throughput of i can be obtained from Table I in [15], based
on the related 7;. When instead [UE] i shares the access through [eNBl j with other [UEk, we assume
it receives a portion of the total capacity that is proportional to its maximum throughput (or its
n). For instance, if 11 /n2 = 2 then the physical resources assigned to UE1 will be twice as much as
those assigned to UE2.

When computing the power consumption of the elements of the [LTEl access network, we assume
that each [eNBl with no associated [UE] enters an idle mode from which it can be easily brought back
to full functionality [16]. Then, according to the model in [I7], the power consumption of each [eNBI
P n 5, is assumed to be:

Pin.ns = PBB + Prr + Ppa + Pou, (2.4)

where Ppp is the power spent in base band processes, Pgp is the maximum Radio Frequency (RE)
output power per transmit antenna (i.e., 1 W), Pp4 is power spent by the pre-amplifier (650 mW
to 8 W) and Ppp is the power overhead (power systems and cooling, accounting for ~ 3.72 W).

Now we introduce the association algorithm that tries to maximise the energy saving of the [LTEI
access network, namely the Min-FEnergy association algorithm. Basically, the performed algorithm
aims to minimise the number of active [eNBk, using the following assumptions: (7) an[eNBl can serve
up to four [UEk, (i7) one or more are available for each [UE] (i77) each [UEl is attached to any
of the [eNBk still available, the one which guarantees the best channel condition. The ultimate goal
of this approach is to keep active as few as possible, while keeping their utilization to the
highest level in terms of the number of served [UEk.
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Figure 2.2: Min-Energy Algorithm.
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A detailed description of the proposed Min-Energy algorithm is given in Figure [2.2] It consists
of 3 main phases contributing to switch-off the maximum number of [eNBE, taking into account the
Signal to Noise Ratio (SNR]) and channel interference to preserve network Quality of Service (QoS)).

In the proposed algorithm, During the starting phase (1), we measure, for each [UE], the SINR to
all[eNBk. Such values are summed up and stored in a variable called SINRaccumulator concerning
each [eNBt at the end of this procedure the list of is sorted in decreasing SINRaccumulator
order.

In the second phase (2) we pre-select the minimum number of [eNBk to keep active, according
to the number of [UEk in the network (starting with the ones with greater SINRaccumulator). A
maximum number of 4[UEE could be attached to each[eNB] while the remaining [eNBk are scheduled
for switch-off. In case one [UE] could be attached only to one [eNBl that should be switched-off, we
decide to keep that active.

Each [UEl owns a list of [eNBk ordered in function of [SINR] value and the best one is chosen
for pre-association. Now we have a list of [UEk ordered in function of the pre-associated
value. Starting from the one that experiences the worst value, all [UEk are attached
to the network. In this last phase (&) if an [UE] has not any more available [eNBk among the ones
maintained active, then the best switched-off [eNBl according to the SINRaccumulator indicator,
is switched-on again. After this phase, all the pre-associations are reevaluated again, i.e., the
algorithm is repeated starting from phase (2). At the end of this procedure, it is possible to have
[eNBk without associated [UEE, and such [eNBk are actually switched-off.

2.1.1.2 Performance assessment of the user association algorithm

Now we analyse the performance of the proposed association algorithm in several network condi-
tions. Furthermore, we benchmark the throughput and power consumption achieved by means of
the Min-Energy association policy against a simple algorithm that associates each [UEl4 to the
J whose received the best We name this association policy Best-SNR. In order to have a fair
comparison, both the Pryx setting and the power consumption computation are performed as for
the the Min-Energy association.

In the following, the numerical analysis assumptions are reported first. Then we discuss the
obtained results. The[eNBk are randomly distributed in a 400m x400m area. The[UEk are uniformly
randomly distributed and move according to a random walk mobility model with random velocity
uniformly distributed in the interval [0.6 m/s, 1.5 m/s]. They are attached to the [eNBk according
to the specific algorithm. Once all the [UEk are attached, the throughput is calculated as previous
described executing a single run, 60 minutes long. Throughput and power consumption results
repaired in the following figures are average values compute over the simulation time.

Basically the tests are focused on the analysis of capacity in terms of [UEk average throughput (in
Mb/s) and on the network energy consumption (in KWatt/h). The scope of the analysis is to
highlight the gains introduced by a wise association of the [UEk to the [eNBk, while facing a limited
reduction of the throughput if compared to traditional association techniques. For completeness,
the simulation parameters for the scenario are reported in Table

Once we have fixed the number of [eNBE, we vary the number of [UEk from a chosen minimum
value up to the maximum number of [UEk allowed, which is based on the total amount of [eNBk in
the scenario and on the maximum number of allowed [UEEk per eENBl (Lror).

In Figure the average throughput achieved with the Best-SNR association algorithm and
the throughput obtained using the Min-Energy association are compared. Against expectation,
when the Min-Energy algorithm is used, there is a gain of throughput and this gain is higher when
the [UEk are half of those that could be served. In this conditions, the Min-Energy associates as
many [UEk as possible to the same set of [eNBk, while the Best-SNR does not concentrate the [UEk
in the same geographical area. Therefore, the reason of the difference in throughput achieved is
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Table 2.1: User association assessment: Simulation parameters and values

Prx vz 15 [dbm]

Py 4.8 [W]

Ap 8.0

Piae 2.9 [W]

Lys os = 8dB
N,0?=K-T-B 0% = —-101dBm
BER 107°
Gamma —log, (5%« BER)/1.5
SINR (2¢%¢ — 1) x* Gamma
Area 400m x 400m
Max UFEs per eNB 4

eNBs number 15

UE's number 5-50

mainly due to the different interference condition they experience. When the number of switched
on increases, the effect of interference increases too. As a consequence, when the number of
[UEk reaches the maximum number that the network could serve, almost all the are turned
on and the throughput values offered by the two compared approaches converge. Similarly, with
few [UEk the throughput is similar due to the low network load.

We can conclude that the per-user perception of the service received is positively affected by the
Min-Energy association policy in medium load conditions, while the compared algorithms perform
equally well in extreme operational conditions.

In Figure we finally show the load dependent component of the energy consumption for both
the association techniques analysed. Such choice allows us to focus on the ability of the Min-FEnergy
association technique to handle the real load of the radio network. However, we leave out of the
scope of the document the discussion on how to reliably turn off idle elements of the network.
There is a considerable gain in terms of energy saving when using the Min-FEnergy algorithm. The
maximum energy saving achieved is close to the 55% when the number of [UEk and [eNBk is small,
whereas it obviously decreases when the access network approaches the saturation.

2.1.1.3 Conclusions

In this report we have defined a model for [[TE] dense networks of small cells (e.g., femtocells) that
includes capacity constraints due to a limited [CTE] network capacity. We proposed an algorithm
that uses a users association policy taking into account the minimisation of the energy consumption
of the network elements in the association procedure of the users to the base stations. We anal-
ysed the obtained results and compared them with the result obtained considering the traditional
user association policy used in cellular networks: thus, we have compared two very different user
association policies. Results have shown that there is a huge potential of energy saving that can be
enabled by smartly allocate mobiles to base stations. In practice this can be achieved by means of
Self Optimising Network (SONI) procedures continuously optimising network configuration based
on change of conditions, which in dense networks can be hardly (if at all) predicted and optimised
off-line.

These results can be improved with additional study. Currently we are working on the actual-
isation of the users mobility model for the used scenario, which also determines the scheduling of
[CTElNBE exploiting the paradigm (see next subsection for details on and its possible
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Figure 2.3: UEs average throughput, [eNBk = 15.
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2.1.2 Distributed control of [ABSF|/eICIC]

The rush towards network densification with wideband systems takes the intra-system interference
problem to very critical levels. Given the high number of base stations and mobile nodes involved,
to be practically implementable in a dense network, these schemes need to have low complexity
and overhead. has proposed the scheme to implement efficient inter-cell interference
coordination. is used to prevent the base station transmissions when the interference is
high, leading to a more efficient use of the radio channel. This paradigm is suitable to control
inter-cell interference in different scenarios, including when macro cells and small cells co-exist in
the same area. Indeed, allows guaranteeing a minimal quality of service within each cell.
Moreover, can also manage the inter-cell interference amongst several macro-cells to boost
network performance by increasing spectral efficiency. However, the choice of patterns is not
aBGPPl directive, and therefore an open challenge to implement inter-cell interference coordination
is the design of efficient algorithms to compute optimal [ABSF| patterns, able to exploit network
and traffic characteristics within the constraints of system architecture and protocols.

2.1.2.1 Problem formulation and system model

To reduce the complexity of the algorithms devised to properly issue patterns while of-
floading this burden from the central controller, a suitable alternative consists in letting the base
stations self-organise their activity patterns in a distributed fashion. Such a distributed approach
shows an important advantage: since each base station has to continuously operate user schedul-
ing, it can take and user scheduling decisions jointly, which allows for further improving
performance. One critical aspect in the design of this scheme is to limit the amount of information
exchanged between base stations, which can be achieved by exchanging only the activity patterns
of neighbouring base stations.

A general scheme is envisaged by Figure [2.5] where each base station locally takes decision on
its own activity pattern (namely, ABSF; pattern). Then, the activity pattern is sent to the next
base station, which, in turn, given the activity patterns of the other base stations, makes its own
decision. We mathematically formulate the problem of joint scheduling and pattern selection
and design a solution to solve this problem. We analyse the above approach as a game played by
the base stations to optimise the aforementioned problem in a distributed way. We consider each
base station as a player whose moves consist in selecting [ABSF| patterns and announcing them to
the neighbours. We cast the problem into a particular class of congestion games, called weighted
player-specific matroid congestion game. By means of game theory notions we prove that this
particular class of congestion game may not admit a Nash equilibrium. Although uncommon
network deployments brings the system to unstable state, some time-constraints are introduced to
limit the stability issue impact and leads the system to an efficient working point. We call the
resulting algorithm The details on the algorithm can be found in Appendix

Problem formulation principles. The goal of [CIC]is to improve system spectral efficiency.
To this end, [CIC] optimally orchestrates base station activities and performs user scheduling on a
time-slot basis, i.e., per Transmission Time Interval (T'TT). Here, we cast the[[CIC| problem into an
[LTEl Advanced network that implements the mechanism. With this mechanism, each base
station uses an pattern, which is a bitmap that specifies which [TTTs must be blanked by
the base station.

In what follows, we first formulate the [[CIC| problem from a centralised scheduling perspective,
which is practically unfeasible due to computational and signaling overhead. Then we show how to
abate and distribute the computational load of the [[CIC] problem over the base stations. However,
as we show in the final part of this section, introducing such a fully distributed approach requires
some game theory tools, and does not always guarantee that base stations’ decisions converge. To
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Figure 2.5: Hybrid two-level mechanism for intercell interference coordination. In the
short-term level (bottom side of the figure), the distributed approach is played amongst
the base stations, while in the long-term level (top side) the controller decides the
number of available [T'TIs per base station.

solve these issues, in Appendix we propose our two-tier semi-distributed mechanism.

For the sake of simplicity, problem formulations presented in this section consider downlink traffic
only; however, very similar techniques could be used for uplink traffic. Additionally, we focus on
elastic traffic (i.e., traffic for which there are no stringent requirements in terms of latency and
bandwidth) since it represents the most common traffic type in mobile data networks. Following
current cellular deployments, we consider that base stations transmit at fixed power; therefore, it
is sufficient to know which base stations are active to determine the level of interference suffered
by a transmission.

A centralised problem. The main assumption behind the centralised problem is that users’
Channel State Indication (CSI) is perfectly known. Such information is gathered and updated
by a centralised controller—the CROWD Local Controller (CLC]) defined in [I]-—which uses it to
compute the optimal scheduling. Specifically, the centralised controller maps each user u onto
any available [TTTl ¢t and issues the resulting user scheduling information to every base station i.
In this way, transmissions during each frame are entirely controlled by the centralised controller.
The time horizon of the optimisation consists in a set of [[TIs 7 = 1..T, in which base stations’
activities are coordinated. While this scheme is clearly unpractical, the optimal solution to this
problem provides us with the benchmark corresponding to the best possible performance of any
implementable algorithm.

The objective function to be maximised by the centralised problem, 7, is the sum of the utilities
of the individual base stations. Following the widely accepted maz-min fairness criterion, we
define the utility of base station i as the minimum rate of all the users in the base station][l]

'Note that the selected objective function provides a trade-off between maximising the spectral efficiency and
guaranteeing a minimum level of service quality, as pointed out, e.g., in [18]. Nevertheless, different objective
functions can be considered as well, without substantially changing the proposed approach and the following
analysis.
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With this, we can formulate the centralised optimisation problem with the following Integer Linear
Programming ([LP]) model.
Problem CENTRAL:

maximise 7= ) min R -zt ),
ieEN (’U,,t)EUi xT

s.t. > < Yit, VieN,teT,
u€eU;,reER
r,t (25)

PGy
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No+ > PGurYkt — T Tu

keEN ki
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y@t,xZ’t €{0;1}, VieN,uel;,re R,t €T;

where N is the set of base stations, U; is the set of users associated to base station i, Gy, is the
channel gain between user u and the base station i, P is the transmitting power of any base station
and Ny is the background noise. Binary decision variables 2" indicate whether user u is scheduled
or not into [T'T1 ¢, and binary variables y; ; take value 1 if base station 7 is active at [I'TT ¢, and 0 if
the [T is blanked. When scheduled, u’s transmission rate is r (the available rates each user can
adopt are listed in the vector R" corresponding to the Modulation and Coding Schemes (MCSs) of
the standard [19], where set R is the index set of vector R").

The first set of constraints of Problem CENTRAL impose that at most one user per base station
is accommodated in a single [I'T1l ¢ (note that this assumption can be easily relaxed in order to
address different user schedulers). The second set of constraints ensures that, when setting a rate r
for a user in a[TTI] the perceived [SINR]is not lower than the activation threshold 4" for this rate.
Note that, while these constraints are not linear, they can be straightforwardly linearized in order
to solve the problem with state-of-the-art solvers.

Problem CENTRAL can be reduced to a bin-packing problem in which the sum of interferences
cannot exceed a threshold. Therefore, this problem is NP-hard [20]. Moreover, it involves a very
high overhead to deliver information to the centralised controller, which needs this information
to select the patterns and compute the user scheduling. Thus, while the centralised approach
can be an attractive option for small networks, a less complex and more distributed approach is
required to deal with the case of very dense wireless networks consisting of hundreds of base stations
and thousands of wireless nodes.

A distributed problem. We next present a distributed formulation of Problem CENTRAL,
whose implementation distributes the computational burden of the original problem over the base
stations present in the network. Specifically, to reduce complexity, in the distributed problem each
base station only optimises the scheduling of its own users and considers that other base stations
use fixed [ABSFE] patterns. However, this approach needs an iterative mechanism to find the optimal
pattern of all base stations. Note that, with the distributed approach, the complexity of the
problem to solve is dramatically reduced, while the number of iterations required to converge will be
shown to grow at most quadratically with the network size.

To formulate the distributed approach, the original problem is split into several smaller instances,
which are solved locally by each base station. To solve a problem instance, the base station is
provided with the activity pattern declared by other base stations. This is given by [ABSH patterns,
ABSF;;, which are exchanged among base stations (ABSF;; = 0 if base station ¢ blanks MTTT ¢).
Such information is needed by each base station to estimate the interference in each [I'TT suffered by
any possible candidate scheduled user. With the above information, and without explicitly forcing
any additional constraint, each base station ¢ would schedule users selfishly in the entire set of T’
[TTTk, in order to optimise the local utility. Therefore, to avoid that base stations use all available
[TTTk, in the distributed problem formulation, we grant a single base station i access to up to M;
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[TTTk over T available [ITTTs; such M; value plays a key role in the distributed mechanism, as it will
be clarified in Appendix

The above description corresponds to the following instance of the local problem for base station
1, which can be formulated as an [[LP] model as follows:

Problem LOCAL:

. . ~ . r r7t
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where all parameters and constraints have the same meaning as in Problem CENTRAL, except for
the third constraint, which limits the number of usable [I'TIs to M;. Note that a feasible solution
of Problem LOCAL can be computed by using any available max-min scheduling heuristic.

As stated above, each base station 7 is in charge of solving Problem LOCAL, by computing the
optimal user scheduling into available [TTIs. Note that the solution of this problem depends on
the solutions computed by the other base stations, since the of each user is given by the
interference generated by the other base stations in the system when they are active. Therefore,
in the distributed approach formulation, each base station simply schedules local users in order
to maximise the objective function defined in Problem LOCAL. However, the schedule defines the
activity of the base station, and the interference generated towards other base stations, which, in
turn, can react readjusting their scheduling in order to adapt to changed interference conditions.
A new scheduling may cause new interference levels, therefore each base station must iteratively
solve Problem LOCAL, until the system converges to a stable solution.

In addition, as explained in details in Appendix to avoid the player selfishness, we introduce
an upper bound M; on the number of time-slot each base station can use for scheduling its users.
Therefore, the [CLC| needs to dynamically assess the network performance and decide, on a long-
term timescale (in the order of seconds), the M; value of each base station which directly affects how
fast the system reacts to traffic changes. Strictly specking, this [CLClaided distributed mechanisms
make our approach semi-distributed.

2.1.2.2 Performance assessment of semi-distributed [ABSF| control

A toy-scenario is provided in Figure [2.6] where 7 base stations are placed in a 450mx550m area
serving 70 users. Some users are placed in a particular position to show how the inter-cell inter-
ference problem affects the system performance and the robustness of the proposed distributed
scheme. The parameters we used for our simulations are summarised in Table

Table 2.2: List of parameters for the [[TE-Al wireless scenarios used in [ABSF] control experiments

[NV Number of Base Stations 7

[U4;| | Number of UEs per Base Station 10

T [ABSF] Pattern Length 70 [Tk
BW Spectrum Bandwidth 20 MHz

P Transmitting Power 1w
1SD Inter-Site Distance 200 m

No Background Noise 1.085 x 102
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Figure 2.7: Dynamic behaviour of applied to a changing scenario. On the left side, the
scenario has |[N| = 7 base stations, |U;| = 10 users and T' = 70 [['TIs. On the right
side, the number of users is increased up to |U;| = 20 users. quickly adapts
to a network change while keeping high the accuracy of the solution (w.r.t. Optimal

solution and no [CIC).

Due to the simplicity of our approach and its limited control overhead, at best of our knowledge,
this is the first attempt to move towards a practical, efficient, scalable and adaptive implementation
of in real networks. Indeed, our numerical results, detailed in Appendix show that
our proposal achieves near-optimal results with respect to a centralised omniscient network sched-
uler, and achieves performance levels similar to advanced schemes using complex power control
approaches. Here we report a key result, which concerns the near-optimality of Specif-
ically, Figure shows 7 averaged over the time horizon of T'=70 [Imﬂsﬂ for the case of IN|=7
base stations and 10 users per base station. Due to the adaptive nature of the algorithm,
shows a dynamic behavior that is close to the optimal one.

2Typical values for the [ABSF] pattern length are between 60 and 80. We use 70, which yields a round number for
M in our simulated scenario consisting of 7 cells.
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2.1.2.3 Conclusions

In we have proposed a practical [eICIC] scheme leveraging the paradigm
in [LTE-A]l networks. uses semi-distributed architecture, which allows base stations (eNBk)
to jointly compute patterns and operate the local scheduling. The behavior of the base
stations can be mapped onto the one of the players of a distributed game. The architecture is
semi-distributed because it requires the presence of a central coordinator to drive the system to the
best achievable network utility by controlling the number of [I'TI5 to blank at each base station.
Due to the simplicity of our approach and its limited control overhead, at best of our knowledge,
this is the first attempt to move towards a practical, efficient, scalable and adaptive implementation
of in real networks. Indeed, our numerical results show that achieves near-optimal
results with respect to a centralised omniscient network scheduler, and achieves performance levels
similar to advanced schemes using complex power control approaches (see Appendix for details
on algorithm design, complexity and performance figures). The results of the research activity
presented in this section have been published in [§].
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2.1.3 Optimisation of [[TE| inband

In cellular access networks, communications represent a direct communication mode between
two mobile users, in which the exchanged information does not traverse the [eNBl or the core
network. Initially proposed for multi-hop relays in cellular networks, communications are
finding an increasing number of use cases in vehicular networks, in content distribution and cellular
offloading [21]. In such applications, has the potential to lower packet delays, increase energy
efficiency, fairness and throughput while improving the spectral efficiency of dense cellular networks
(e.g., adopting new flexible paradigms like in [CTE-A]).

Different types of schemes have been proposed. inband schemes either allow trans-
missions to occur over dedicated cellular resources (inband overlay schemes [22]) or over the same
resources used by legacy cellular users (inband underlay schemes [23]). Here we focus on the latter,
though our approach can be easily extended to inband overlay schemes.

2.1.3.1 Characterisation of [LTE| inband [D2DI

The analysis of the performance of inband underlay schemes is challenging, due to the complexity
of systems and of their interaction with cellular system operations. As and cellular users
all share the same resources, indeed, their performance is strongly correlated through interference,
through their traffic patterns, and through the specific scheduling algorithm adopted. Available
results are mainly based on simulations [24], and they assume either the system to be saturated, or
that only a single pair can be scheduled in the same Resource Block (RB]) as a cellular user
[23]. This leads to pessimistic, overly conservative results, particularly in non-saturated settings,
and in general it does not enable the characterisation of the main performance trade-offs of such
[D2D] systems essential for the design of efficient scheduling and rate allocation algorithms.

In Deliverable D2.2 [4] we proposed a queuing-theory based approach to performance character-
isation of schemes, which captures the dependencies between interfering transmissions and
achievable rates. We report in Appendix a short summary of such analysis. The approach is
based on the [25] modelisation of the environment. The model naturally applies to
systems, as it explicitly accounts for the achievable transmission rates when the correlation
between the service rates of multiple queues is known. The particular resource scheduling policy
we consider is a variation over the one proposed in FlashLinQ [26]. FlashLinQ is a state-of-the-art
Physical (PHY){MAC architecture for that allows the scheduling of different transmitters
(D2Dl or cellular) in the same time and frequency resource, through an Orthogonal Frequency Divi-
sion Multiple Access (OFDMAI)-like access selection mechanism. In [4], by applying our approach,
we derived new sufficient conditions for stability of transmission queues in a system, and we
showed how to evaluate the effects of transmissions over cellular user performance.

2.1.3.2 Optimisation of [D2D] activity

By exploiting the knowledge of the conservative estimate of the stability region of the system,
herein we show instead how to achieve proportional fairness among transmissions. Given a
with D queues, each representing one of the D pairs in the scenario, we first formalize a
proportional fairness throughput optimisation problem that exploits the knowledge of the stability
region, and then we introduce an heuristic that significantly reduces the complexity.

The goal of the optimisation is to introduce filters at the transmitters which allows just part to the
demand to be queued at the transmitters. The allowed rates p; of the leaky bucket rates are chosen
in order to () ensure stability at the transmission queues of the users, (i7) maximise a weighted
sum of the logarithms of the rates, thus achieving proportional fairness of user’s throughputs. The
solution of the optimisation problem and the distribution of the long term rates of the shapers to
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the [D2D] transmitters can be easily performed by the [eNB| where the [D2D] transmissions are taking
place. Formally, we express the optimisation problem as follows:

D
maximise Z wy, log py. (2.7)

' i=1
where p* values represent the long term rates of the shapers we want to introduce in the network
and where wyg, is the weight assigned to the transmitter d; in order to achieve proportional fairness.

In the model for communications, each node affects the others due to interference,
since multiple transmitters are scheduled on the same resources. To make the problem tractable,
we proposed a method to break circular dependencies in the analysis. In practice, we create
an ordered list out of the transmitters in the system, and we evaluate the impact of the
interference following such list. If we refer to the k-th transmitter in the list, we evaluate what
is the effect of interference just due to the transmitters {1,...,k — 1}. With this, we model inter-
queue dependencies in one direction (top-down in the list). To model the dependencies in the
other direction (bottom-up in the list) without incurring in complex calculations, we consider that
a queue in position j in the list is considered as always active by all the queues listed in position
k < j. For further details, please refer to Appendix This is clearly a worst case approach,
which will lead to the identification of performance bounds. Nevertheless, this represents, for the
first time, a fully analytic approach for the study of performances of the system, and enable
the optimisation of system recources we mentioned above.

Each of the ordering of the transmitters leads to a valid bound for the stability region.
Therefore, the optimisation described by should be performed on the union of the bounds
achieved from each of the possible ordering of the transmitters. In other words, we should evaluate
what is the optimum for in each of the orderings of the transmitters, and then select the
one which is the maximum among the achieved working points for the system. In theory, this means
that we should solve a number of optimisation problems that scales factorially with the number
of transmitters in the system. Nevertheless, we present in Appendix [A-3] a simple heuristic that
allows to select, among all the possible orderings, just the ones presenting with high probability
the higher values for the optimisation problem described in .

2.1.3.3 Performance assessment of [D2DI resource allocation based on [CPS| analysis of the
capacity region

We evaluated through simulations both the achieved gains in fairness after applying the optimisation
expressed in , when compared to the system that does not exploit the knowledge of the stability
system, both the complexity of the heuristic proposed, i.e., the number of orderings analysed so
to achieve such gains. As it is easy to see from Table even if we achieve just a conservative
estimate of the whole stability region, the shapers improve significantly the value of the achieved
utility. In particular, when the scenarios get larger, the utility improves up to 35.2% on average
and 131.53% in the best case.

In order to evaluate the complexity of the heuristic proposed, Table in Appendix shows
the number of orderings evaluated by the heuristic. In particular, the table shows that the com-
plexity of heuristic proposed remains computationally feasible, even though the complexity of an
approach that evaluates all the orderings grows fast. For further details on the simulations per-
formed, and for richer numerical results, please refer to Appendix [A-3]

2.1.3.4 Conclusions

In this work, we have introduced a novel analytical approach to [D2DI systems based on a [CPS|
model. We have shown how to use such characterisation to optimise a[D2D|system under any given
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Table 2.3: Optimisation vs. Saturation: Utility

D2D Mean | 95% Conf. || Mean | 95% Conf.
transmitters Sat. Interval Opt. Interval
3 2.3289 | 2.11-2.54 || 2.5303 | 2.37-2.68

4 2.2870 | 2.06-2.50 || 2.5750 | 2.44-2.70

5 1.9881 | 1.80-2.17 || 2.3424 | 2.21-2.47

6 1.7460 | 1.39-2.09 || 2.2153 | 2.01-2.41

8 1.5185 | 1.25-1.77 || 2.0537 | 1.91-2.19

Table 2.4: Heuristic Complexity

D2D Mean # of Orderings | 95% Confidence || Networks
transmitters (Heuristic) Interval Available
3 3.44 3.36-3.52 6
4 4.60 4.36-4.84 24
) 9.56 8.95-10.18 120
6 11.70 10.49-12.92 720
8 22.70 20.52-24.88 40320

operational condition, i.e., also when saturation does not hold. Specifically, our method accurately
estimates the stability region of users and the saturation throughput of cellular users. Such
knowledge is exploited to achieve, with a relatively low complexity, a proportionally fair allocation
of throughput among [D2D] users. One of the main issues left open by the present work is the
inclusion in the model of the coupling between multiple eNBs. The results reported here and in
Appendices and have been published in [9] 27].
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2.2 [IEEE| 802.11 enhancements

We now move to the description of the assessment of new mechanisms to boost the efficiency of
802.11 networks, in presence of very dense deployments. Specifically we showcase the potential
improvements achievable by (i) using a control theoretic design of distributed channel access mech-
anism, (i7) adopting [SOLOR], a practical inband relaying scheme for 802.11 networks using [WiF1l
Direct, and (i7i) optimising resource allocations based on the characterisation of stability region
and performance figures of inband schemes in general.

2.2.1 Control theoretic design of distributed channel access

In Deliverable D2.1 [3] we presented a model for distributed channel access and, based on a given
set of power consumption parameters, derived the configuration that results in the most energy-
efficient performance. However, one of the key weaknesses of the proposed solution is that it lacks a
mechanism to smoothly converge to that point of operation when conditions of the change,
e.g., more stations join the network. In the following, we present a mechanism based on control
theory that tunes the operation of a distributed channel access scheme—for simplicity, we do not
consider power consumption, although it could be extended to maximise energy efficiency along
the lines of Deliverable D2.1 [3].

2.2.1.1 System model and optimal configuration

Similarly to the model presented in Deliverable D2.1 [3], we model our system as a single-hop
contention-based wireless network with N stations where time is divided into mini slots of fixed
duration 7. At the beginning of each slot, station ¢ contends for channel access with a given channel
access probability, p;. A slot can be empty if none of the stations attempt to access the channel. If
N > 1 stations access the channel in the same slot, a collision occurs and the channel is freed for
the next slot. There is a successful contention if only one station accesses the channel, which then
probes the channel. After this channel probing (which we assume takes only one slot), the station
has perfect knowledge of the instantaneous link conditions which can be mapped into a reliable
transmission bit rate R;(0) at time 0. If the available rate is below a given threshold R;, station
1 gives up its transmission opportunity and frees up the channel for re-contention. Otherwise, the
station transmits data for a fixed duration of time 7.

Under these conditions, we have that the optimal transmission policy is a threshold policy [28]:
given a threshold R;, station i only transmits after a successful contention if R;(0) > R;. With the
above, stations throughputs are a function of the access probabilities, p = {p1,...,pn}, and the
transmission rate thresholds, R = {Ry,..., Ry }.

In Appendix we show that optimal configurations for p; and R; exist and how they can
be computed. With such results we can design a controller that aims to drive the system to the
computed optimal value for p; and R;. We design such a mechanisms to be adaptive, and we call
it Adaptive algorithm for Distributed Opportunistic Scheduling (ADOS]).

2.2.1.2 Performance assessment

In this section, we present the fundamental assessment result for the performance of Such
results have been achieved by means of simulations. Further simulation results are available in
Appendix [A.4.4]

Unless otherwise stated, we assume that different observations of the channel conditions are
independent and that the available transmission rate for a given is given by the Shannon
channel capacity:

R(h) = Blogy(1 4+ p|h|?) bits/s (2.8)
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Figure 2.8: Homogeneous scenario with saturated stations.

where B is the channel bandwidth in Hz, p is the normalized average and h is the random
gain of Rayleigh fading.

We implemented the ADOY mechanism in OMNET++P| In the simulations, we set B = 107 and
T /7 = 10. For all results, 95% confidence intervals are below 1%.

Homogeneous scenario with saturated stations. We start by considering a homogeneous scenario
where all stations are saturated and have the same normalized average SNRI (p; = 1 Vi). We
compare the performance of [ADQS to the following approaches:

(i) The static optimal configuration obtained from performing an exhaustive search over the
{pi, R;} space and choosing the best configuration (‘static configuration’).

(7i) An approach that does not perform opportunistic scheduling but always transmits after suc-
cessful contention (‘non-opportunistic’).

(#4i) The Team-game algorithm for Distributed Opportunistic Scheduling (TDOS]) proposed in
[28] ({TTDOJ). This approach requires that each station knows the channel state of all the
stations in the network, and hence incurs substantial signaling overhead.

(iv) The Non-cooperative algorithm for Distributed Opportunistic Scheduling (NDOS)) approach
proposed in [28] (INDOS). This approach, like ours, only requires information that can be
observed locally, and hence does not involve any signalingﬁ

Figure 2.8 shows the total throughput as a function of the number of stations in the network.
The figure confirms that is effective in driving the system to the optimal point of op-
eration, providing the same throughput as the benchmark given by the static configuration. The
and approaches provide lower throughput as they only optimise the transmission rate

3http://www.omnetpp.org/

4Since [28] only optimises the transmission rate thresholds but not the access probabilities, for the and
approaches we take the configuration of access probabilities that are used in the simulation results of [28].
For the ‘non-opportunistic’ approach, we choose the access probabilities that maximise the performance.
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thresholds; among them, performs substantially worse as it has less information. Finally,
the non-opportunistic approach provides the lowest throughput due to the lack of opportunistic
scheduling. In conclusion, the proposed mechanism provides optimal throughput perfor-
mance, outperforming the other approaches.

Heterogeneous scenario with saturated stations. In the case of heterogeneous channel condi-
tions, performance does not only depend on the total throughput but also on the way this through-
put is shared among the stations. To analyse performance in this scenario, we consider N = 20
saturated stations divided into four groups according to their channel conditions. The normalized
of the stations from group i is given by p; = 1+ (i — 1)Ap, with i € {1,2,3,4}. Figure
shows ) . log(r;), the figure of merit for proportional fairness, as a function of Ap. We observe that
performs at the same level as the benchmark given by the static configuration, while the
other approaches provide a substantially lower performance. exhibits an increasing degree
of unfairness as Ap grows that harms its performance in terms of proportional fairness. [NDOS
in contrast to does not show this behaviour: with each station sets its threshold
based on its local radio conditions and therefore the fact that other stations have better radio con-
ditions does not impact fairness. The price that pays for this non-cooperative behaviour,
however, is that the overall throughput performance is substantially degraded for all Ap values.
The non-opportunistic approach also provides a poor throughput performance, similar to
In order to gain additional insight into the throughput distribution with heterogeneous radio
conditions, Figure[2.10]depicts the throughput obtained by a station of each group with the different
approaches, along with the Jain’s fairness index (JET) of each distribution. The results confirm that
suffers from high unfairness with heterogeneous radio conditions, since with this approach
the stations with worst radio conditions (1) are almost starved while the stations with best radio
conditions (r4) obtain a very large throughput. In contrast, the and non-opportunistic
approaches do not suffer from unfairness but provide significantly smaller throughputs than
We conclude that substantially outperforms all other approaches with heterogeneous radio
conditions. For the evaluation of stability and for the behaviour of under changing radio
conditions and number of users, we refer the reader to Section [A.4.4] in the appendix of this
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2.2.1.3 Conclusions

[ADOS] and distributed opportunistic scheduling techniques in general, provide throughput gains
in wireless networks without requiring a centralized scheduler. One of the challenges of these
techniques is the design of an adaptive algorithm to adapt the scheduling parameters to their
optimal value. With we have shown that it is possible to (i) jointly optimise both the
access probabilities and the rate transmission thresholds of distributed scheduling mechanisms; (i7)
provide a good tradeoff between total throughput and fairness, and (éi7) guarantee convergence and
stability. The performance of has been extensively evaluated via simulations, and results
confirm that provides significantly better performance than previous proposals.

CROWD PU 25



Document:  FP7-ICT-2011-8-318115-CROWD/D 2.3 D
Date: 30/04/2015 Diss. level: PU CROW

Status: Submitted to EC  Version: 1.0

2.2.2 Practical relaying with \WiFi Direct

In Deliverable D2.2 [4] we presented the theoretical analysis and performance of Self-Optimizing
wireless local area networks with Legacy-compatible Opportunistic Relays (SOLORI) [29], a novel
framework for scenarios in which some nodes judiciously decide to opportunistically relay for others,
in order to maximise a performance metric that takes into account both throughput performance
and energy consumption. Here, we detail the operation of as a first step towards its
implementation, describing how it is designed so it results legacy compatible, and then we report
the implementation experiences and results. The operational details of are reported in

Appendix

2.2.2.1 Experimental Evaluation of SOLOR

Here we describe the results from the implementation of the framework. Our 802.11g
testbed, represented in Figure is comprised of seven nodes, all using Ubuntu 11.10 with
kernel 3.00. There are four legacy nodes, one of which is the AP, and three relay-enabled nodes.
The legacy nodes are standard laptops equipped with WLAN cards based on the Atheros AR5413
chipset, using the athbk/mac80211 wireless subsystem, while the relay-capable nodes are desktop
machines, each equipped with two WLAN cards based on the Atheros AR922X chipset and using
the ath9k/mac80211 subsystem. We decided, for simplicity, to use two NICs (Network Interface
Cards) to emulate a single NIC with the ability to serve as Access Point (AP]) on one channel and
to connect to an [AP] on a different channel, as existing open-source drivers do not support this
feature yet. On the other hand, our implementation will not require any modification once this
feature becomes available. Note that, throughout our experiments, we take great care in confirming
that only one of the two NICs is active at any point in time.

[
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Figure 2.11: Implementation architecture.

Implementing SOLORE In order to implement [SOLOR] three main functionalities are required:
a) to analyse the WLAN] deployment and compute the optimal configuration; b) to implement the
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resulting relay schedules; c) to force legacy nodes to connect to the proper relay and to sleep when
needed. This is achieved by the software architecture depicted in Figure [2.11j, consisting of a
user-space application that computes the optimal configuration, and a kernel module (solor.ko)
to interact with the Linux wireless subsystem.

The optimal configuration of the network is independently computed by the optimiser of
each node; given the policies described before, using MAC addresses as node IDs, this will
result in all relays computing the same joint schedule with fractions F. Unless otherwise stated,
the individual preference parameters «;’s are set to 1, and the timers are set to 77 =500 ms and
T2:1 S.

To implement the schedule, the solor.ko module builds on the synchronisation provided by
beacon frames sent by each parent, and triggers the corresponding notifications to the relay sched-
uler. This one reacts upon a notification and apply the required context change in the driver
through mac80211 (i.e., transmit buffered data, received and buffer data, or sleep). The setup of
the links computed by the new topology is handled by the Association handler which, as explained
in Appendix forges a disassociation message and announces to the network as an (which
will have better SNR with the target clients). Finally, solor.ko implements the Notice of Absence
protocol to advertise the sleeping policies to the relay’s clients.

Performance Evaluation: Finally, we analyse the performance of in a real scenario under
both static and dynamic scenarios.

Static conditions: We start our experimental evaluation by measuring the throughput perfor-
mance of different static settings with a fixed topology, in order to validate the results from the
previous sections. To this end, we consider the three topologies depicted in Figure [2.11p and differ-
ent settings of the transmission rate between the laptops and the relays (denoted as R.), and the
rates between the relays and the [AP] (denoted by R,.), and compare the per-node throughput fig-
ures X,, obtained in the testbed with the analytical ones both for uni-directional and bi-directional
flows. The results are depicted in Table showing that in all cases the experimental figures
match remarkably well the results from the analytical model (described in Deliverable D2.2 [4]),
which are provided in parenthesis.

Table 2.5: Per-node throughput (in Mbps) for the topologies in Figure [2.11].

Topo. | Re, Ry | X1, X2, X3 (Ximodet) Xy, X5, X6 (Ximodel)
(Mbps)
48,48 | 14.60, -, - (14.62) 7.31, -, - (7.31)

A 48,24 | 1422 - - (14.62) 5.51, -, - (5.57)

E 24,24 | 8.7, -, - (9.00) 4.65, -, - (4.5)

@ 48,48 | 7.46, 7.42, - (7.31) 6.98, 7.12, - (7.31)

£ B 48,24 | 7.64,7.63,- (7.31) 7.16, 7.23, - (7.31)

5 24,24 | 4.11, 4.92, - (4.50) 4.32, 4.10, - (4.50)

5 48,48 | 5.30, 4.21, 4.42 (4.87) 3.80, 4.12, 3.84 (4.87)

C | 48,24 | 4.53, 4.98, 4.41 (4.87) 4.30, 4.56, 4.52 (4.87)

24,24 | 2.92, 3.22, 3.15 (3.00) 2.63, 2.52, 2.77 (3.00)

— [ AT 48,48 [ Up: 6.59, -, - (6.08) Up: 2.49, -, - (3.04)

3 Dwn: 6.01, -, - (6.08)) Dwn: 2.96, -, - (3.04)

€[ B[ 48,48 | Up: 3.21, 2.94, - (3.04) Up: 2.81, 3.05, - (3.04)

5 Dwn: 3.09, 3.34, - (3.04) Dwn: 2.71, 2.98, - (3.04)

T [ C| 4848 | Up: 1.75, 2.11, 1.87 (2.03) | Up: 2.22, 1.89, 2.08 (2.03)

= Dwn: 2.12, 1.99, 2.23 (2.03) | Dwn: 1.87, 2.04, 1.91 (2.03)
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Dynamic conditions: We next assess the performance of in a dynamic scenario, in
which nodes activate the relaying functionality in real-time and thus the topology changes over time.
Nodes 1-3, which do not have the relay functionality activated at the beginning of the experiment,
can transmit to the [AP] at 48 Mbps, while nodes 4-6 transmit to the [AP] at 6 Mbps, and could
transmit to nodes 1-3 at 48 Mbps. Our experiment is divided in stages of approximately 20 seconds
each. During the first stage, all nodes are transmitting to the AP, this being the “default” scenario;
during the second stage, node 1 enables the functionality and as a consequence starts
relaying traffic for nodes 4-6; in the third stage, node 2 also enables the functionality and
relays the traffic from node 6, while node 1 keeps relaying for nodes 4 and 5; finally, in the last
stage, node 3 is also enabled as a node and, as a consequence, each relay-enabled node
serves one client, i.e., the topology C depicted in Figure [2.11].

We display the evolution of the per-node throughput figures over time in Figure (top), in
which the transient caused by the re-association periods can be easily identified. The corresponding
overall utility of the WLAN is depicted in the bottom subplot, along with the theoretical values.
We conclude from this experiment that enabling the relay functionality supports increasing the
utility of the network, with a good match between experimental and analytical results, and that
the framework is easily implementable using commercial, off-the-shelf hardware.

Relay 1 —+— Relay 2 —*— Relay 3
12 Client4 —=— Client5 —=— Client6 —<— b

Throughput (Mbps)

Utility

Time (sec)

Figure 2.12: Dynamic experiment

Energy performance and per-node preferences: We now evaluate our prototype with
dynamic individual preferences and show the results in Figure [2.13| For the sake of readability,
we only use Relay 1-2 and Client 4-5 and initialise a static topology with 1 and 2 serving 4 and 5,
respectively.

We start off by selecting a; = 1, Vi, just like we did in our previous evaluations and we vary
each node preferences sequentially every 10 seconds, illustrating that the larger the «, the more
emphasis is given to throughput performance. We conclude from this experiment that
succeeds at tuning the per-node preferences in the throughput vs. power consumption trade-off.

2.2.2.2 Conclusions

We have assessed the performance of [SOLOR] a novel self-optimising, legacy-compatible oppor-
tunistic relaying framework which addresses the rate anomaly problem by taking into account
three major considerations to achieve an efficient deployment in real-world systems: (7) relaying
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Figure 2.13: Per-node preferences

could imply increased power consumption, and nodes might be heterogeneous, both in power source
(e.g., battery-powered vs. socket-powered) and power consumption profile; (i7) similarly, nodes in
the network are expected to have heterogeneous throughput needs and preferences in terms of the
throughput vs. energy consumption trade-off; and (#i7) any proposed solution should be backward-
compatible, given the large number of legacy 802.11 devices already present in existing networks.
Our results show that greatly improves network throughput performance and energy con-
sumption even in systems comprised mostly of vanilla nodes and legacy access points.
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2.2.3 Optimisation of WiFi inband

Wireless mesh networks based on [EEE] 802.11 are nowadays inexpensive, well widespread solution
to easily, effectively and wirelessly connect entire cities. Thanks to such pervasiveness, they are
poised to play a central role in many “Internet of Thing” application scenarios, with very diverse
requirements. Such wide deployment makes it crucial to develop models for analytical perfor-
mance study of such networks, whose users will use to communicate, as empirical studies in
such a complex environment hardly give clear indications on general properties of such systems.

2.2.3.1 [CPSlbased analysis of 802.11 capacity

Performance analysis of the [EEE] 802.11 mechanism has traditionally focused on sat-
urated traffic assumptions [30]. Many of the available results for non-saturated conditions do not
capture the effects of traffic dynamics on system performance. For example, the authors of [31]
assume that the probability of transmission and the probability of success of the stations in non-
saturated conditions is always the same during time, despite traffic dynamics do alter significantly
such quantities. Furthermore, the totality of the approaches in the state of the art are based on
a Poissonian traffic assumption, and they depend heavily on the assumption of traffic stationarity.
[32] analyses non saturation in heterogeneous traffic conditions, but its results still requires a com-
plete stochastic traffic characterisation to be parametrized. This has been done despite the fact
that traffic in real networks is well far from being Poissonian (see [33] and related literature). In
particular, traffic from live audio/video streaming exhibits a periodic behavior which substantially
departs from the Poisson model, and which is characteristic of several known examples of instability
[34]. This leaves open the issue of how to derive valid performance guarantees in ad hoc networks
in realistic settings, when little is known about traffic statistics.

In the project, we tackled the problem through a different approach, which is based on
a characterisation of the network that can be used for transmissions based on the presence
of [AP] ad hoc configurations or schemes as well. First, we assume traffic to be constrained
by leaky bucket arrival curves [35], which limit just the maximum amount of bits which can arrive
in a given time interval. The leaky bucket arrival curve is characterised by two parameters, i.e.,
o (burstiness) and p (rate). That is, if A(¢) are the cumulative arrivals, then V¢ > 0, V¢’ < ¢,
A(t) — A(t') < o + pt. Such approach widen the applicability of the presented results, since traffic
patterns of different nature can be described through leaky bucket curves. Second, as anticipated
above, our analysis is based on description of the system, i.e., a coupled processors model [25]
of the ad hoc system, which allows capturing the dependencies between user achievable rates due to
sharing of the wireless transmission medium (mediated by the mechanisms) and traffic
dynamics, which such coupling entails. A [CPS]is a set of parallel queues (i.e., queues which do
not exchange traffic among them) served by work conserving schedulers, and whose service rates
at any time t is completely determined by the set of active queues at that time. Similarly, in an
ad hoc system that applies [EEE] 802.11 layer the probability of successful transmission at
time ¢, and consequently the throughput achieved by stations, is univocally determined by the set
of active transmitters at t. We assessed the quality of the model of the ad hoc system through
simulations and, for the 99.73% of the evaluations performed, the difference among the model and
the simulations was less than the 10% of the real throughput achieved by transmitters. We report
the details of this validation in Appendix Third, in order to study the performance of the
underlying model of the ad hoc system, we used the analytical solution proposed within the
project and presented in [27], that we summarize in Appendix

Through the analysis proposed, we were able to determine conditions on the arrivals such that the
queues at the transmitters are guaranteed not to explode, i.e., sufficient conditions for the stability
of the system. In particular, sufficient conditions for the stability of the system are represented by
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bounds on the long term rate of the arrivals p at the transmitters.

We denote as p = {p1, ..., pj, ..., pn } the vector of the long term rates of the arrivals at the ad hoc
transmitters, when N transmitters are present in the scenario. Exploiting the additional knowledge
provided by our analysis, we present a computationally feasible method to choose, among the set
of stable long term rates p, the rates that optimise a utility function, e.g., to guarantee that some
form of fairness is maximised. In particular, in the present work, the utility function that we choose
to optimise is a weighted fairness function, which is one possible way of balancing some notion of
fairness among users with, for instance, different classes of service. Its expression is as follows:

U= iwi log <pi) : (2.9)

i—1 Po

where pg is the minimum bit rate for an acceptable performance for the application. The details
of the presented optimisation are reported in Appendix

2.2.3.2 Performance assessment of proportional fairness optimisation of 802.11 networks
based on a characterisation of the capacity region for transmissions.

We assessed the results achieved through the optimisation presented, evaluating a large set of
scenarios. In the following, we just report an example of results. For more full details and results,
please refer to Appendix Here is enough to say that the weights w; we use in the utility
function, defined in Equation , are uniformly distributed in [0, 1], and that, overall, for each
value of transmitters N, we considered a total number of instances of our setting (i.e., set of
weights for U and positioning of the transmitters in the scenario) sufficient to get a 95% confidence
interval. In any case, we never used less than 100 instances.

In Figure we compare the average log-utility, together with the 95% confidence interval,
from our optimisation and the one obtainable when no knowledge of the stability region is present,
i.e., when all transmitters are considered saturated. Figure also contains the median of the
utility U in the same cases.

We can see how in all cases the average log-utility derived by optimising (through our heuristic)
over the set of operating points which are stable according to our method is always at least 18.43%
larger than the one derived by assuming the system in saturation. Moreover, we see that the relative
improvement brought over by our heuristic over the utility achieved under saturation assumption
grows with the size of the scenario. The larger is the number of the stations in the system, indeed,
the higher is the rate of contentions and, consequently, the inefficiency of the MAC under saturation
assumptions.

In order to have a better idea of the difference between the operating points resulting from the
optimisation and from the saturation assumption, we have compared them on the basis of the total
average throughput, weighted in order to take into account the relative contribution of each host
to the utility of the system. That is, the weights in these sums are the same as those adopted in
the utility function. The results are shown in Figure where the case under analysis is exactly
the same used in Figure We see how our heuristic brings the system to an operating point for
which the total average throughput is at least 114.43% higher than the total average throughput
achieved under saturation assumptions.

2.2.3.3 Conclusions

To summarize, in the present research work we have proposed a new analytical method for the
analysis of ad hoc networks, valid for any number of nodes. Our method does not require the
traffic to be Poissonian, nor to be stationary, but only to be constrained by a deterministic arrival
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curve. We proposed an optimisation for the derivation of a stable and proportionally fair allocation
of resources and we showed how such optimisation derives system operating points that, besides
maximising the utility function, bring to a much more efficient utilization of network resources.
The results shown in this section and in Appendix have been published in [27, [10].
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2.3 enhancements

We finally address the description of the assessment of new mechanisms to boost the efficiency of
[HetNetk, which includes the cases of heterogenous cell sizes and heterogeneous technologies densely
deployed in the same coverage area. Specifically we showcase the potential improvements achiev-
able by (i) optimising cell association and inter-cell interference in presence of small cells which
complements the coverage of macro cells, and (ii) optimising [LTEI[D2D] operation by selecting the
mode of transmissions according to network conditions, assuming that operations
are under the control of the network.

2.3.1 Optimisation

To cope with limited radio spectrum and exponential traffic growth, a promising approach has
been proposed by BGPP[LTE/LTE-A] called It consists in the deployment of small cells
complementary to macro cells in order to increase the network capacity via higher spatial reuse
of spectrum [36]. There are two main challenges faced by technology: Cell association
and Inter-Cell Interference (ICIl) management. To address these issues, [fICIC| has been introduced
in BGPPI Release 10 [37]. Besides, Cell Range Extension (CRE) has been proposed to increase
small cell coverage footprint by adding Cell Individual Offset (CIOI) to user’s Reference Symbols
Received Power (RSRP]) measurements. Traditionally a [UE] would attach to an [eNBJ that provides
the strongest received signal. As macro are transmitting with higher power than small cells
(e.g., 40 W vs. 1 W), only few users would attach to these low power nodes [38]. Therefore, these
small cells may be underutilized while macro cells are overloaded. By [CIOl a [UE] will be biased to
attach to a different [eNBL

2.3.1.1 Problem formulation

A first question is what [CIO] values should be used for each[eNBl Secondly, since a[UE]in the of
a small cell may experience strong interference from the macro cell, there is a need of enhanced inter-
cell interference management. One can see that the user association and interference mitigation
problems are closely related [39]. Techniques to address these issues can be divided into three major
categories: time domain, frequency domain, and power domain methods. [KPIk include system and
cell-edge user throughputs and also service fairness, energy efficiency, second-order statistics (e.g.,
for mobility robustness optimisation), etc. Here, we establish a generic framework and then provide
solutions of optimising [eICIC] parameters such as [ABSF] and and user association [40, [41].
Analytical and simulation results have shown their effectiveness. In particular, we consider a
[HetNef] which consists of macro and small cells, and over which Physical Resource Blocks (PRBS)
are synchronized. More details on the analysis of the problem and the formal problem statement
are reported in Appendix [A.7]

In our optimisation, each [eNBlis authorized to use a[PRBl only if such decision optimises a utility
function. The problem to solve can be expressed as follows. Given a network state s, which has
three elements (the [CIO] time and frequency pattern, and transmit power of each [eNB] in the set
of eNBk K), we look for the optimal values of those parameters so as to maximise a cost utility
function Ut(s):

Ut(s) = Y _ Ut(s), (2.10)

keK

where Uty is the utility of the [eNBl £ given by a proportional fair approach on the acheved user
throughput, and the optimisation is subject to power constraints. More details on the utility
functions and the optimisation problem are given in Appendix
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Based on the formulate problem, we propose a generic framework using game theory to determine
the optimal configuration using an iterative approach and enabling a fully distributed scheme as in
[36] for 3G networks and in [42] for 4G networks. Each[UElreports to its serving [eNBJonly long-term
statistics, which are then explicitly shared between the own serving eNB and its neighbours so that
each can make, iteratively, decision that are not purely selfish but also considers the impact
over neighbours. The details of the game theory-based framework are described in Appendix

2.3.1.2 Performance assessment of [HetNet| optimisation algorithms

We use a MATLAB-based [LTEFcompliant simulator developed by the TU Wien’s Institute of
Telecommunications [43]. This tool allows both link level and system level simulations. Then, it
is possible to analyse link-level related issues and also the entire [LTE] system where the physical
layer is abstracted by simplified models that capture its essential characteristics. Globally, the
simulator is structured in two main building blocks or layers: link measurement model and link
performance model (see Appendix and in particular Figure and Table for more
details on the simulations). The simulation runs using a Region of Interest (ROI) in which the
eNodeBs and [UEk are positioned and total simulation duration is expressed in [TTIs. As output,
the simulator provides traces containing the main [KPIk such as throughput and bit error rates.
Generally, this simulator allows the study of cell planning, scheduling, interference coordination,
etc. The throughput results are presented in Table for various configurations:

e Config 1: A virtual case where cells are considered as non-interfering; this situation gives us
a maximum theoretical capacity.

e Config 2: Interfered system and no optimisation is performed.

e Config 3: Only [CIOlis optimised, some [UEk get offloaded from macro cells to small cells but
they remain highly interfered.

e Config 4: Joint optimisation of [CIOl and [ABSF] is performed.

Table 2.6: Throughput performance results for [HetNef] optimisation algorithms.

Conhgl| Config2 | Config3 | Configd
Total throughput | 420 157 170 187.5
(Mbps)
Average UE through- | — 303 329 362
put (kbps)
Average cell edge UE | — 218 285 673
throughput (kbps)

When performing only optimisation (Config 3), the average throughput of the network
increases from 157 to 170 Mbps. This is due to the change in values, hence associating
some [UEE to small cells offering them higher bandwidth. However, these cell-edge users remain
highly interfered by macro cells which continue to schedule at all sub-frames as there is no [ABSE]
optimisation in this case. The best performance is given by the joint optimisation of and
We can see that the gain obtained for the entire network’s throughput is about 20% while
the cell-edge users’ throughput is enhanced by about 200%.

Figures and show the distribution of throughputs of all user and cell-edge users to
compare performance obtained with and without [eICIC] optimisation. We observe a significant
improvement: 50% of cell-edge users get at least 0.5 Mbps by the [eICIC] optimisation, while only
10% of them get the same throughput when the joint optimisation is de-activated.

34 PU CROWD



D Document:  FP7-ICT-2011-8-318115-CROWD/D 2.3
CROW , Date: 30/04/2015 Diss. level: PU

Status: Submitted to EC  Version: 1.0

Emprical COF

o o £

—=—el|CIC optimization
—=—without optimization |

i | I |
0& | 15 2 158
Thiroug il [Wiops]

Figure 2.16: Cumulative distribution function of global throughput.

Secondly, we use the Jain index J(x1,z2,...,2,) = %71"”222 to indicate the service fairness
among all the users. The result will range from 1/n (worst) 1{01 1 (best). Note that it is maximum
when all users receive the same allocation. Without optimisation, the Jain index is 0.602. With
[eICIC optimisation, the fairness is increased and the value goes to 0.633.

Figure shows the cell attachment of some users (in blue dots): black dotted lines refer to
the [UE] association before optimisation and pink lines are the result after [eICIC] optimisation. In
the initial configuration with all equal to 0, all the users were attached to macro [eNBk, even
those who are extremely near the small eNBk. After optimisation, some have been changed,
which impacted the user attachment. We see that 39 users made handovers from the macro
to small [eNBE, which allows to offload traffic from macro cells and to have better cell-edge user

experience.

2.3.1.3 Conclusions

Based on our mathematical tool from game theory, we have designed a flexible framework for ad-
dressing key heterogeneous network radio parameter optimisation. The proposed solution exhibits
the following properties:

e It can support various utility functions and operation requirements depending on network
operator’s optimisation strategy;

e [t can support hybrid architectures for computing the utility function ranging from a fully
distributed manner to a centralized scheme;

e It can support various data collection granularity, frequency and types, according to the [UE]l
grouping performed by the local eNBL

e It can support exception sets such as race conditions (exclusion of some operation cases) or
more limited optimisation such as disjoint optimisation of [ABSF| patterns and [CIO] values.
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Figure 2.18: User attachment before and after optimisation.
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Figure 2.17: Cumulative distribution function of cell edge users’ throughput.
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2.3.2 [D2D] mode selection for offloading in [LTE|

Researchers have proposed a wide range of use-cases for communications such as relay [44],
multicasting [45], and cellular ofloading [46]. Initial[D2D]proposals focused on[D2D] communication
underlaying cellular network transmissions, i.e., using the same spectral resources used for cellular
communications [47]. Later, other techniques have been proposed, which either fall under
either inband or outband communication. Inband communications allow users to
communicate over the cellular spectrum, while outband schemes demands the users to access
unlicensed bands for transmissions [2I]. Each of these operational modes poses its
own merits and disadvantages in terms of interference management, implementation complexity,
achievable spectral efficiency, and therefore in terms of performance guarantees. However, the
available literature proposes solutions for efficiently implementing each mode in isolation, i.e., mode
selection has not been addressed. Nevertheless, according to the definition provided by BGPP
standards, ‘D2D] communication is the communication between two users in proximity using a
direct link between the devices in order to bypass the m or core network” [48]. Therefore,
any of these modes or perhaps all shall be used for communications. Moreover, promising
studies on communication moved industry leaders such as Qualcomm to invest on future
implementation of communications, and is considering to include generic support
in the next release of [LTEFA standard as a public safety feature [48§].

We believe that different modes should not be treated as competitors but as complementary
techniques. Co-existing modes can immensely increase the system complexity because there
should exist a mechanism to select the correct mode according the overall system conditions.

Here, we describe our reference system, our proposed mode selection approach, and its practical
implications, along with their feasible solution. We provide analytical insights into the mode
selection problem (see Appendix resulting in an innovative multi-mode multi-band setup,
which accounts for both achieved throughput and energy costs. We call such a novel approach
Floating Band D2D, because transmissions can occur on either inband or outband modes.

2.3.2.1 System Model

We consider a hexagonal multi-cell [LTEIA network with a reference cell in the center and its
first-tier neighbours as shown in Figure [2.19] The cell consists of N users labelled as n € N :=
{1,2,...,N}. Downlink and uplink channels are separated and each one has a fixed bandwidth.
Users may communicate with other users in the cell or with those outside the cell. If a user wants
to communicate with another user in proximity, it can use communications.

Inband communications use uplink cellular spectrum [48]. It is assumed that each user
communicates with (at most) one user at any given time. Each connection between users n and
m is referred to as (n,m), Vn,m € N. For notational convenience, the [eNBlis addressed as user
N + 1. In this paper, the outband exploits Wil Direct technology. With the above, we use
four communication modes operating as described in the following:

e Mode 0 « cellular;

e Mode 1 <+ inband underlay [D2D}
e Mode 2 <+ inband overlay [D2D}
e Mode 3 <+ outband (WIET).

Our system operates in discrete time units and the [eNBl is in charge of mode selection and
scheduling. The [eNB] makes the scheduling decisions on a per-frame basis. Each frame consists

is the BGPPI term referring to cellular base stations.
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Figure 2.19: System model for the evaluation of[D2DImode selection strategies. The System consists
of a cell with its first-tier neighbours.

of 10 subframes and the length of a frame is 10 ms. In each subframe, only one cellular user is
scheduled, while the number of concurrent transmissions is not limited a priori. Therefore,
there is no interference among cellular users (i.e., mode 0), but underlay users (i.e., mode 1) interfere
with the cellular and other underlay users (i.e., modes 0 and 1). Overlay users only interfere with
each other, while outband users simply contend for the [WiFi channel. A fixed portion of
cellular bandwidth is dedicated to overlay [D2DI] users. This portion is released to cellular and
underlay users if there is no user in overlay mode.

2.3.2.2 Mode selection and scheduling

As mentioned, mode selection and scheduling decisions by nature require decision making schemes
with a different time-scale resolution. Thus, we propose to decouple the mode selection and schedul-
ing problems. The decoupling is mainly inspired by the fact that connections last more than
a few frames in a real world scenario and scheduling them on a per-frame basis is unnecessary
and possibly inefficient. The inefficiency is due to the high signaling overhead, which is caused by
such a high resolution mode selection. Moreover, the channel quality of links is potentially
less time variant in comparison to that of the cellular links due to the short-range nature of
communications. The decoupling also simplifies the integration of communications into cur-
rent cellular systems as it minimises the changes to the scheduler. Although mode selection and
scheduling are decoupled, they are still highly intertwined. On one hand, the scheduling is affected
by the interference, which is unknown before mode selection. On the other hand, mode selection
depends on the set of cellular users scheduled along with [D2D] users. Hence, we choose the [eNBl to
perform mode selection, because it is already in charge of scheduling.

We propose a mechanism in which the [eNBlhandles these decisions in two steps: (i) mode selection
and (ii) scheduling. First, in mode selection, each pair is assigned a mode (modes 1 to 3), and
the assignment is repeated at regular mode intervals of length T' seconds. The [eNB] selects
modes with the assumption of a worst-case interference scenario. This approach helps to reduce
the system complexity and to avoid disruptive co-channel interference. Second, in the scheduling
phase, the schedules users and assigns them a Modulation and Coding Scheme (MCS). Mode
selection and scheduling both rely on the accuracy of [CSIl data gathered at the [eNBl which can be
challenging in terms of signaling overhead and scheduling for [eNBk

We formulate the mode selection problem based on the described scenario which is an NP-Hard
problem. Hence, we propose three heuristics (namely, Social, Greedy and Ranked) in order to
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solve the mode selection problem in a timely manner. The details of the Heuristics and problem
formulation can be found in Appendix

2.3.2.3 Performance assessment of [D2D]| mode selection optimisation

Here, we use numerical simulations to evaluate the performance of our proposed heuristics. The
evaluation scenario consists of a hexagonal multi-cell network with a reference cell in the middle
and its first-tier neighbours (see Figure . The results reported in this paper pertain to the
reference cell, and the neighbouring cells model the impact of inter-cell interference. Error bars
in the results are the 95% confidence intervals. Although our approach can be tested with any
scheduler, here we refer to the Proportional Fair (PF) scheme for scheduling cellular users, since
it represents the state of the art for schedulers used in real implementations [49, 50]. In addition
to our heuristics, we evaluate three benchmark schemes, namely, Forced-LTE, Forced-WiFil, and
Optimal. In Forced-LTE, users are forced to use legacy cellular communications (i.e., mode
0). In Forced-WiFil users are forced to communicate over [WiF] (i.e., mode 3). Optimal
results are based on the exact solution to the optimisation problem. The benchmarks allow to
compare our proposals with the legacy cellular system, to measure the gain due to extra [Wik]
bandwidth, and to see how far the heuristics are from the optimum. The details of the simulation
setting can be found in Appendix

Figures [2.20] to to [2.22] illustrate the impact of N on achievable system performance. We can
observe the achievable throughput in Figure [2.200 The aggregate throughput has a negligible
change with N under Forced-LTE because the distribution of channel qualities in the cell remains
the same for different density of users, and therefore the average aggregated throughput. The
throughput of the rest of schemes increases with N because there are probabilistically more
pairs in a denser cell, hence throughput is higher. In Forced-WiFil the throughput grows
slowly due to the contention-based nature of [WiFi, in which the MAC overhead increases with
the number of contending users. Since some of the outband pairs do not interfere with each
other (i.e., they are more distant than 150 m), the aggregate throughput of Forced-WiFil in our
experiments reaches up to 98 Mbps. More importantly, not only the simple proposed heuristics
greatly outperform Forced-LTE and Forced-WiFi] but they also perform very close to Optimal
(due to the computational complexity of such an ideal scheme, we only have the results up to 80
users).

In terms of energy cost, the aggregate cell power increases with N, as shown in Figure [2.21
mainly due to the baseline energy consumption of wireless interfaces. ForcedWiFil has higher
energy consumption because outband users have to maintain two active wireless interfaces instead
of one.

Figure shows that the trend for system utility is similar to that of throughput because the
throughput is the dominant factor with the current value of a. Our results show that, with a
reasonable population, say 100 users per cell, the aggregate throughput gain over Forced-LTE is
tenfold. This gain comes from both the frequency re-use of inband modes and additional spectrum
provided by the outband mode. The significant contribution of both outband and inband modes
to this gain highlights the importance of Floating Band Moreover, this gain can easily
compensate for the infrequent feedbacks sent to the (user-to-user [CSIl). Note that
in LTEFA systems with millisecond feedback reporting, the [CSIl contributes to less than 20% of the
total bandwidth.

To summarize, our proposed algorithms can highly improve the performance of the cellular
networks with minimal complexity. We also evaluate our proposed algorithms in terms of fairness,
delivery ratio and density of the network. These results can be found in Appendix
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Figure 2.20: Aggregate cell throughput under different [D2D] mode selection schemes.

2.3.2.4 Conclusions

With our work we have shown that the performance of modes is highly scenario-dependent.
Thus, the most convenient mode in one scenario, say in a macro cell scenario, could be a poor
choice in another, say in a micro cell scenario. To cope with this issue, we proposed the Floating
Band framework along with practical heuristics suitable for quick and adaptive mode selec-
tion in such a complex setup. Unlike existing schemes, Floating Band allows users to
communicate over inband or outband modes, depending on network load and channel conditions.
Our results demonstrate the impressive potentials of multi-band mode selection. Remarkably, our
simple heuristics result in fair operation and achieve near optimal performance by dramatically
ameliorating network utility, which accounts for both throughput and energy consumption. The
results of this research have been published in [6] [11].
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3 Conclusions

In this document, we have presented the results of the research carried out in the frame of WP2 of
and we have assessed the performance of [MAC| and cooperative mechanisms for resource
management in very dense and potentially heterogenous wireless access networks. The document
has shown theoretical results and algorithms, as well as experimental results, for the characterisa-
tion and enhancement of [LTEl networks, TEEER02.11/[WLAN] networks, and [HetNetk with cells of
heterogeneous sizes and technologies. A key result presented in the document is the assessment of
a modelling-based technique to evaluate the capacity region of wireless networks, which can
be adapted to analyse [LTE] TEEE] 802.11, and schemes based on such wireless technologies.
Specifically, for what regards [LTEl networks, the document has shown that innovative user associa-
tion strategies, interference control techniques and [D2DFbased offloading schemes are key to boost
spectral efficiency and energy efficiency in the radio access part of the network. For what regards
[WLANE, the document has shown that distributed medium access control, based on control theory
results, and [D2D]relay schemes leveraging the Wikl Direct paradigm, can be used to boost through-
put while achieving high levels of fairness. For what concerns [HetNetk, the document has shown
that efficiency can be optimised by means of resource allocation, user association and adaptive re-
lay schemes using different modes to offload the network traffic via either inband or outband
resources. The most important factor behind the success of the proposed [MAC] enhancements is
the availably of a control architecture that allows for short-time scale and local control decisions
for the optimisation of the wireless access network. Therefore, the adoption of a multi-tier and
multi-time-scale control architecture, like the one proposed in the project, is fundamental
to enable the potential gains achievable through enhancements. Notably, the majority of the
results presented in this document have been used to produce high quality scientific publications
accepted in top international venues, such as IEEE/ACM transactions and conferences.
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A Appendix

A.1 Distributed [ABSF mechanism for elastic traffic

In this appendix we detail the operational principles of and the game theoretical approach
that leads to its design. We have formulated the [ABSE/feICIC] control problem in Section [2.1.2]
where we have also discussed the near-optimality of as a semi-distributed heuristic to solve
the aforementioned problem. Here we also present additional performance figures achieved with

Hs(IC)o| in a dense network.

A.1.1 Convergence analysis of the distributed approach (Problem [2.6)

In the following, we analyse the (fully) distributed approach formulated above in Problem in
Section from a game theoretic standpoint and show that its convergence is not guaranteed.
Building on this result, later in Section we propose a semi-distributed approach that guaran-
tees the convergence of the game.

Based on game theory, the distributed approach can be modeled as a game where base stations
iteratively play in order to maximise their utility. Let us define this game as an Interference
Coordination Game T', where each base station i acts as a player (the terms “player” and “base
station” are indistinctly used in the rest of the paper). The set of strategies of each player S; consists
in the set of pairs (user, [I'T1), (u,t) : u € U;,t € T, available for each base station according to
constraints in Problem LOCAL.

In order to analyse the convergence of the above game, we rely on the concept of Bottleneck
Matroid Congestion Game (for a detailed discussion, we refer the reader to [51]). A Bottleneck
Congestion Game is a class of games where resources are shared among players. The utility of
each player depends on the utility of the resources she chooses and the number of players choosing
the same resources: the higher the congestion, the lower the utility. In particular, the individual
player utility is the minimum of the utilities of the resources chosen in her strategy. In sequential
improvement dynamics, players act selfishly and play a Best Response strategy (BR) S € S;, i.e.,
the strategy that maximises their individual utility function, given the strategies played by other
players.

In addition to the above, regular congestion games can be generalized in player-specific congestion
games and weighted congestion games. In the former, every player has her own utility function
for every resource. In a weighted congestion game, every player affects the other players strategies
with a different weight, namely, she causes a different level of congestion.

The following theorem shows that our game falls in the intersection between the above categories,
and hence existing results on these classes of games can be applied to our problem.

Theorem 1. The Interference Coordination Game I" is a Weighted Player-specific Bottleneck Ma-
troid Congestion Game.

Proof. Here we provide the reader with a sketch of the proof. The Interference Coordination Game
I" is player-specific since utility is player-specific as it depends on received interference, and it is a
congestion game in which congestion weights are given by the interference caused by the scheduled
users in each [TTIl Moreover, strategies’ constraints induced by constraints in Problem LOCAL make
the strategy space a matroid, thus I' is a Matroid Congestion Game. O
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Table A.1: Example of weighted player-specific matroid bottleneck congestion game that does not

converge
Rate || Alone | With BS 1 | With BS 2 | With BS 3
Cuy it 2.0 - 15 1.1
Cug .t 2.0 1.1 - 15
Cus 1 2.0 15 1.1 -

Regular bottleneck congestion games have been proven to satisfy the finite improvement prop-
erty, which states that an arbitrary BR sequence played by each player during the game always
converges to an equilibrium in a finite number of steps [51]. However, the generalizations of player-
specificity and different congestion weights introduce many degrees of freedom, which weakens the
game structure and its convergence guarantees. Indeed, the following theorem shows that Weighted
Player-specific Bottleneck Matroid Congestion Games do not satisfy the finite improvement prop-
erty.

Theorem 2. Weighted player-specific matroid bottleneck congestion games do not exhibit the finite
improvement property in best-response improvement dynamics.

Proof. Let us consider a scenario with 7' = 2 [TTIs and 3 base stations, each of them associ-
ated with |U;| = 1 distinct user. For each player i, the strategy space S; is defined as S; =
{{(us, t1) }; {(us, t2) }5 { (us, t1), (ui, t2) } }. Let us assume an upper bound on available [TTIk per base
station M; = 1,Vi € N and a user rate ¢, ¢, expressed as bits/symb/[I'TT} according to Table
Now we consider the sequence of strategies taken by each player, described by Table

Table A.2: State evolution for a weighted player-specific matroid bottleneck congestion game that
does not converge (example used in the proof of Theorem

*(s)
st sl s=k s=k+1 s=k+2 s=k+3 s=k+4 s=k+5 s=k+6
BS 1 {ul,tl}, (1.1) {ul,tz},1.5 {U17t2},2 {ul,tz}, (1.1) {ul,t1}71.5 {ul,t1}72 {uhtl},(l.l)
BS 2 {Ug,tQ},z {Ug,tg}, (11) {'U.z,tl},]..5 {’LLQ,t1},2 {Ug,tl}, (11) {U2,t2},1.5 {U27t2}72
BS 3 {u3,t1},1.5 {U3,t1},2 {ug,t1}, (1.1) {’U.3,t2},1.5 {u3,t2},2 {u;g,tg}, (].1) {u3,t1},1.5

Whenever a player i chooses a new strategy at the k' step in order to maximise the utility
function (bold-marked), the value of utility function calculated by the other players may decrease
and they may want to change their strategy. This leads to a loop where players sequentially
return on the same strategies indefinitely, such as strategies at step k£ and strategies at step k + 6.
Hence, players playing arbitrary best responses do not necessarily converge to a Nash equilibrium
in Weighted Player-specific Bottleneck Matroid Congestion Games, and thus, a finite improvement
property does not always exist. O

The above analysis has shown that the distributed approach may not convergeE Moreover, it
does not ensure that M; values are selected according to a global fairness. In order to address
these shortcomings, in the next section we propose a semi-distributed two-level mechanism where
a central coordinator controls the behavior of the distributed game.

Tt is worthwhile noting that the somehow pathological scheduling behavior considered in theorem’s proof does not
commonly exhibit in networks; indeed, according to the simulations conducted for typical realistic scenarios, the
interference coordination game I' reaches an equilibrium with very high probability. Nevertheless, we still need
to design an algorithm whose convergence is guaranteed.
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A.1.2 H,(IC).f a controller-aided distributed mechanism for [ABSF!

In the following we present the design principles of [Ho(IC)o) a semi-distributed approach that relies
on a central coordinator to implement a distributed pattern selection. The global scheme of
the system mechanism is depicted in Figure As shown in the figure, the scheme operates at
two different timescales:

e On a long-term timescale (in the order of seconds), a central coordinator, the Controller, is in
charge of adjusting the M; value of each base station, where M; gives the maximum number
of [TTTk that base station 7 can use to schedule its users within the time horizon T by solving
Problem LOCAL. In addition, adapting M; is used to react to traffic changes in the system.

e At a shorter timescale, base stations play the Interference Coordination Game I' by sequen-
tially exchanging their scheduling decisions in terms of patternsP] As described in the
following, the central coordinator does not directly participate in the game, but it controls
its convergence by limiting the number of iterations.

The remaining challenge for coordinator-aided approach is the design of the algorithms executed
by the central coordinator to (i) ensure convergence, and (i¢) adjust the values M;. In the following
we address the design of those algorithms, which aim at driving the system behavior to an optimal
state in the long run.

A.1.2.1 Convergence control of game I

In order to guarantee the convergence of the game I' of Theorem [1 the central coordinator imposes
a deadline of Z [T'TIk, with Z < T': if the game has not finished by this deadline, it is terminated
by the central coordinator.

When the game finishes before the deadline, the resulting scheduling corresponds to an equilib-
rium of the game, which ensures that resources are fairly shared among base stations. In contrast,
when the game is terminated by the central coordinator, base stations use the scheduling that they
computed in the latest iteration of the game, which does not correspond to an equilibrium. Thus, in
the latter case some base stations could potentially have a better scheduling (i.e., more resources)
than the others. However, as shown by our results of Appendix we have observed that in
practice the game can be interrupted after only a very few iterations without negatively impacting
fairness or performance in a significant manner.

The deadline Z has been chosen in order to have a valid scheduling before the current period
T finishes: the resulting scheduling (and the corresponding [ABSF] pattern) will then be used for
the next period. During the game, transmissions and users are scheduled according to the result
of the previous period. Note that the iterations of game I' do not need to be synchronized with
the [T'TTs; they can be much faster, allowing for more than Z iterations within Z [T'TIs. Indeed,
the execution of one iteration only requires passing the “current” patterns from one base
station to another. As shown in Section Z can be chosen in the range [[N], |NV]?].

A.1.2.2 Dynamic adjustment of [TTI bounds }/;

One critical aspect for the performance of the proposed mechanism is the setting of the M; param-
eters, which give the maximum number of non-blank [TTIs available to each base station. Indeed,
if the M; values are too small, performance is degraded because, even if base stations can be sched-
uled one at a time with low interference, the number of [Tk available for transmitting can be too

ZNote that there is no need to announce which specific user will be scheduled in a specific [T}, since base stations
transmit at a fixed power and thus their activity causes the same level of interference independently of the
scheduled user. Therefore, it is sufficient to propagate a binary string of 1" bits containing the [ABSE] pattern.
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small to accomodate all users. Conversely, if the M; values are too large, performance is degraded
as a result of too many base stations scheduled together and creating high interference. Thus,
performance is maximised when the M; parameters are optimally set to values that are neither too
large nor too small. In the rest of this section, we design an adaptive algorithm that follows an
Additive Increase Multiplicative Decrease (AIMDI) strategy [52] to find the optimal M; setting.

In addition to optimally setting M; to improve the performance of the network, the adaptive
algorithm also aims at dynamically adjusting the M; configuration to follow the changes in traffic
and interference. From this perspective, the adaptive algorithm is a long-term process. In contrast,
the distributed game is a short-term process played once per each period of T [T'TIk. This implies
that the duration of the period T' cannot exceed a few hundreds frames, which corresponds to a
few seconds during which traffic and channel conditions remain practically unchanged.

From a high level perspective, the algorithm works as follows. At the end of each period of T'
[TTTk, the controller gathers from the base stations the performance resulting from the M; values
(and the corresponding [ABSK] pattern) used during the period. The metric chosen to represent the
performance of a base station is given by the average user rate experienced by users of base station
i in the period?} i.e.:

1

(u,t)eUs; xT

The controller then uses the sum of the individual performance metrics, n = 3,y 7, to keep
track of the global system performance and drive M; to the setting that maximises 7. The al-
gorithm to find such M; setting follows an strategy: the M; values are increased as long
as performance is improved, and, when performance stops improving, then the M; values are de-
creased. After each update of the M; values, these are distributed to the base stations and used in
the following period (i.e., the following iteration of game I').

The specific algorithm executed to calculate the new set of [I'TI bounds M; is described in
Algorithm Each iteration of the algorithm is identified by an index k. At the initial step (k = 0),
the controller initializes the system performance metrics 1 to 0 and assigns the initial [TT1 bounds
M} = [T/|N|] for every base station. This initial M; setting has been chosen to allow base
stations to schedule their users in disjoint portions of the period, which helps the convergence of
the algorithm in case of very high mutual interference between all base stations. The M} also
provide a lower bound for M;.

At each step, the controller collects the performance metrics 7; from base stations and checks
whether the performance of this period, n(k), has improved with respect to the previous period,
n(kfl) (line 3). If this is the case, this means that system performance is raising and the controller
increases [I'TT bounds M; as follows. The controller increases by 1 unit the M; of the base station
with the smallest 7; whose M; is below T' (lines 8-9). Once one M; value is increased, step k of the
algorithm terminates (line 10).

If no M; can be increased, which means that all base stations are active in all [TTIs, then no
adjustment of the M; values is made as long as the system performance does not degrade. In
case performance degrades, i.e., n®) decreases, (line 13), the controller drastically reduces the M;.
Specifically, the controller looks at the base station ¢ with the largest n; whose M; is above M.
It sets the new M; value of this station equal to the minimum between the half of the current M;
value and the lower bound M} (lines 17-18). If M; = M for all 4, no change is carried out.

The rationale behind using to adjust the M; values is that, similar to what happens with
TCP, increasing the utilization of the system (i.e., increasing M; values) may lead to congestion (in
our case, this corresponds to excessive interference), which causes user rates to drop. In this case,

3Note that, since user allocation is carried out according to Problem LOCAL, the max-min objective tends to assign
rates with limited variance; as a consequence, the average user rate and the rate of the worst-off user are likely
to be similar.

48 PU CROWD



D Document:  FP7-ICT-2011-8-318115-CROWD/D 2.3
CROW Date: 30/04/2015 Diss. level: PU

Status: Submitted to EC  Version: 1.0

Algorithm 1 Resource Sharing Algorithm: Adaptive algorithm to dynamically design M;. Called at
the end of (k — 1) [ABSH pattern

Input: N, T, M;, n*=1
Initialization: n(k) —0;M; «+ M Vie N
Procedure

1.V <+ {T]Z',\V/i EN}

2: Order V non-increasing

3™ =3,
1EN
4: if n®*) > k=1 then

5 while V # () do

6 e = pop(V)

7 Consider index 7 of element e
8 it M*Y < T then

9: M® = mF 11

10: break

11: end if

12: end while

13: else

14: while V # () do

15: e = pop(V)

16: Consider index 7 of element e
17 it M"Y > M7 then

18: M = max {My; |0 2]}
19: n*) =0

20: break

21: end if

22: end while

23: end if

a quick reaction is required by the controller to drive the system to a safe point of operation, by
properly adjusting [TTT bounds M;. Also similar to TCP, the additive increase of [I'T1l bounds M;
allows to gracefully approach the optimal utilization of the system. Furthermore, since the problem
may admit more than one local maximum, using multiplicative decrease for the [T'T1l bounds M;
helps our heuristic to escape from a local maximum where the optimisation function may be trapped
in.

As a side comment, we point out that the proposed algorithm could accommodate different goals,
such as, e.g., maximum throughput or proportional fairness, by simply replacing the function that
gives the global system performance, 77, by another function that reflects performance according to
the objective pursued.

A.1.3 Control overhead for [H,(IC),|

We conclude the analysis with the evaluation of the control overhead introduced by To
this aim, we identify two different interfaces: one between central coordinator and base stations,
namely I-, and one between distinct base stations, namely Ig. They may be both implemented
using, e.g., the X2 interface.

In the centralized solution, the central coordinator requires message exchanges over I~ only. In
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Table A.3: Overhead of centralized and semi-distributed approaches
Interface | centralized approach | [Hz(IC)s|approach
Tc 64-[U]- N+ TN 64 - V]

Is 0 T k- N

particular, per each pair (user, base station), it requires the transmission of an average channel
quality indicator (e.g., the RSRP value in the [LTEF Advanced networks [19]) which can be encoded
in double precision floating point format, e.g., 64 bits. Then, the controller issues a scheduling
pattern (a string of T' bits) per each base station.

In the mechanism, the controller requires to receive the average user rate 7; per base
station over Io at the end of each game I', consisting in a binary string of fixed length (e.g., 64
bits for a double precision floating point number). Regarding the interface I between different
base stations, needs a sequential exchange of scheduling patterns (strings of T' bits)
during the interference coordination game I', until the game reaches a convergence state or the
convergence deadline expires.

We can therefore summarize the total load in terms of bits for each interface as reported in
Table In the table, k is the number of rounds the interference coordination game plays before
reaching the convergence, and [U| = >, |U;| is the total number of users in the system. We can
easily observe that the overhead of is lower than that of the centralized mechanisms when
the following inequality holds:

T T|N?
UI> 1+ o2k —1) T

12

(A.2)

where we have considered that the number of rounds k in the worst case is a function of |NV|
(i.e., at most k = |N ]2 iterations are enough to converge, when convergence exists, as proven
mathematically in [51] and empirically shown in Appendix and both T" and |N| are (much)
greater than 1. Therefore, our semi-distributed approach is convenient as soon as the number
of users exceeds a threshold that depends on T and |N| (i.e., the threshold is O (T|N|?)). For
example, in an (sub-)urban environment with 7’="70 and |N| = 7, as in our simulations described
later, results convenient with as few as 54 users or more, while in a dense-urban environment
with |[A| = 30, our approach exhibits a practical implementation starting with ~1000 users in the
entire network. Those values are pretty low, revealing how our semi-distributed approach drastically
reduces the signaling overhead for existing cellular network size.

A.1.4 Performance Evaluation of [H;(1C),|

In this section of the appendix, we use numerical simulations to show that our proposal performs
near optimally and boosts achievable rates in the whole network, not just for topologically disadvan-
taged users. All simulations are carried out by means of MATLAB with all parameters summarized
in Table The average quality of the user channel is computed as function of the distance from
the base station (according to the propagation model suggested by 3GPP specifications, Table
A.2.1.1-3 of TR.25.814 v7.1.0), and Rayleigh fading is considered. Based on user channel qualities,
each simulated base station solves the local optimisation problem by means of a remote call to a
commercial solver, i.e., IBM CPLEX OPL. Additionally, we show that game I" quickly approaches
its Nash equilibrium, which enables to easily follow changes occurring dynamically in the
network.
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A.1.4.1 Benchmarks

We benchmark against the optimal solution, obtained by solving Problem CENTRAL by
means of an [LPlsolver. Additionally, we compare to the case of uncontrolled base stations
using the same frequencies (No [[CIC]) and to a traditional frequency reuse 3 scheme, in which
the available band is split into three orthogonal sub-bands. For the sake of completeness, we also
compare with two existing approaches fully based on a power control schemes, showing
how can achieve high network performance at a bargain price of complexity. In the
first scheme, namely Utility-Based Power Control (UBPC]) [53], base stations are allocated in all
available [TTIs by tuning properly the transmitted power to reduce interference. The algorithm
suggested in [53] maximises the user net utility by ensuring that the signal-to-noise-ratio of each
transmission is greater than a minimum threshold ~; (in our simulations we assume ~; as the
minimum MCS with nonzero rate). However, [UBPC] allows for multiple transmissions to different
users in the same cell, which is not doable in schedule-based cellular networks. Therefore, to
force the scheduling of a single user per cell on a per{I'TT basis, we simply modify the original
[UBPJ algorithm by setting the interference to infinite when two or more users from the same cell
are scheduled. We refer the reader to [53] for more details on [UBPCl While [UBPC] provides a
rigorous centralized solution for the power allocation problem at the expense of a huge amount of
information exchanged, a second power control scheme recently developed, namely REFerence based
Interference Management (REEIM) [54], proposes a low-complex distributed scheme by exploiting
the notion of reference user. The authors of [54] aim at simplifying the analysis of the impact of
neighbouring cells by replacing all of them with a single virtual user, selected as the user with
the worst channel condition belonging to the surrounding cells. This abstraction leads to a drastic
reduction of the control signal overhead resulting in a practical implementation of the power control
solution, which exhibits a conservative behaviour.

We have shown in Section the dynamic behaviour of Figure in that section
shows that it takes a few seconds for to reach its stable operating point, after which it
follows quite fast the evolution of channel and traffic conditions. In particular, at time ¢ = 16
s, the number of users in the network doubles abruptly, but it takes only a fraction of a second
for to adapt. In general, largely outperforms the No [CIC] scheme and achieves
significant gain over frequency reuse 3. Indeed, halves the distance between the optimal
performance and the one of frequency reuse 3. Notably, after the initial adaptation period, the
utility achieved by lies within 85% and 90% of the one achieved with the optimal solution
for Problem CENTRAL. [REFIM] and [UBPClresults show the real potentials of power control schemes.
[UBP( can even go slightly beyond the performance of the optimal solution without power control,
although it requires higher complexity in terms both of execution and device hardware. [REFIM]
notwithstanding a low-complexity scheme, shows lower performance with respect to frequency reuse
3 for a particular set of user populations due to the conservative assumption taken on interfering
cells. Therefore, our approach perfectly lies in between an impermissible efficient power
control scheme and a practical doable distributed power control solution.

Besides utility 1, we want to evaluate the fairness achieved by the different schemes. To this aim,
Figure presents the CDF of achieved user rates (averaged over the time horizon T'). The figure
clearly shows that the optimal solution, and [UBPC behave similarly and exhibit two main
advantages: (i) they achieve user rates in a compact interval of possible values (which is symptom
of fairness according to Jain fairness definition), and (i) with high probability, they guarantee a
minimum rate which is several times higher than the one guaranteed by No [[CIC| or frequency
reuse 3 (which is symptom of max-min fairness). In addition, [REFIM| shows a similar behaviour
to the optimal solution in terms of fairness, even though its curve stays on the left side of the
graph due to the critical user rates experienced by the users. For instance, with 95% probability,
H,(IC)s| guarantees 3.7 Mbps per user, [REFIM guarantees 2.4 Mbps per user, while No [CIC]
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Figure A.1: CDF of average user rates with 7 base stations and 10 users per base station. The time
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Figure A.2: Jain fairness indexes achieved with 7 base stations and a variable number of users per
base station.

only guarantees 0.9 Mbps. Jain fairness achieved under the different schemes under evaluation is
depicted in Figure as a function of the number of users per base station. As expected, REFIM]
presents a stable behaviour over different values of user population, due to its strong correlation
with worst users. Also in this case, [Ho(IC)o| achieves near-optimal results, and it outperforms

UBPC
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Figure A.3: Game convergence behavior considering two different cases with |N'| = 7 base stations.

A.1.4.2 Game convergence speed

A key feature of is its ability to adapt quickly to network changes. Such a feature relies on
quick pattern computation, which follows the rule of the Interference Coordination Game
I'. The game evolves over time as illustrated in Figure In this example two different cases are
considered: the dashed line represents a case of convergence, while the solid line is for a rare case
in which the game does not converge to a Nash equilibrium point. In both cases, 7 base stations
are considered, and the [TTIl bounds M; are fixed.

In case of convergence, which occurs in about |[N|? rounds, it is clear that a few game rounds
suffice to approximate the performance achieved at the Nash equilibrium with an error smaller
than 3%. Notably, also in case the game fails to converge, after a few rounds the utility starts
fluctuating around a stable value, with small oscillations (about +5%).
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Figure A.4: CDF of number of rounds needed for game convergence with 7 base stations and dif-
ferent user populations.

Figure illustrates the CDF of the number of rounds needed to converge for a few different
user populations (note that we use the value 1 to indicate that the game did not converge). The
figure shows how the majority of the games converge much before |A|? rounds (vertical line in the
figure), and very few cases do not converge at all. We have observed very similar behavior for the
majority of the cases analysed in our experiments, so we conclude that reasonably high utilities
can be achieved by stopping the game after a number of rounds comprised between |[N| and |NV/]2.

Overall, our results show that not only achieves near-optimal results according to the
definition of utility given in the formulation of Problem CENTRAL, but also achieves high levels of
max-min and Jain fairness, and significantly boosts average rates in the entire cellular network.
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A.2 A [CPS| model for wireless networks

In this appendix we present the theory behind the[CPSHbased modelling we have used to characterise
the stability region and the key factors used to evaluate the performance of wireless networks in

Section [2.1.3] and in Section 2.2.31

A.2.1 Model and Assumptions
A.2.1.1 System Model

We consider a system of N queues, where each queue receives traffic from one or more fresh sources
(i.e., residing out of the system). We assume such queues are served by work conserving schedulers,
and that the served traffic leaves the system. The system state at time ¢ is the array a(t), whose
i-th element is equal to 0 if the i—th queue is empty, and 1 otherwise. We assume the service rate
R;(t) of queue i € {1, ..., N} at time ¢ is determined only by the system state, i.e., R;(t) = R;(a(t)).
We call such a system a

We consider monotonic decreasing [CPSk, i.e., if a; and ag are two different states such that
a; < as, []then Vi € {1,...,N}, R;(a1) > Ri(as). This class of [CPSk includes many problems of
practical importance and it has been widely studied in the past, in the context of wireless networks
and of bandwidth sharing in packet networks [25]. In [27] we also briefly discuss how the presented
results can be extended to non-monotonic Without loss of generality, we assume arrivals to
be packetized, with a finite number of packet sizes. Finally, we consider that no losses occur in the
system at queues (i.e., queues have infinite buffer capacity).

A.2.1.2 Basic Concepts and Definitions

In this section we introduce some definitions and basic results useful for our analysis.

Network Calculus (NCJ) is a min-plus system theory for deterministic performance analysis of a
queuing system. It provides tools for the derivation of bounds to backlog and packet delay in a
network. Traffic in [NCJis typically characterised by means of arrival curves [35]. Let F represent
the set of nonnegative wide-sense increasing functions, and V¢ > 0 let A(¢) be the cumulative traffic
arrival function for the time interval [0,¢]. Then « € F is an arrival curve for the considered flow
if for any [t1, ta], A(te) — A(t1) < a(ty —t1). As such a traffic characterisation translates into quite
loose assumptions on traffic statistics (mainly involving tail probabilities), it applies to a large
spectrum of practical settings. One of the most common classes of arrival curves is the leaky bucket
arrival curve, where a(t) = pt + 0. The non-negative parameters p and o are the leaky bucket rate
and the burstiness, respectively.

Let us now introduce the following notion of stability [35]. Let ¢;(¢) indicate the backlog of queue
1 at time t.

Definition A.2.1 (Stability). A system of N queues is deterministically stable if Vi € [1,..., N] it
exists a I'; < oo such that

supy>o qi(t) < T (A.3)

Practical sufficient conditions for stability typically imply some constraints on source traffic (e.g.,
on arrival statistics, or on their arrival curve parameters) and/or on the network (i.e., on some
form of service guarantees at queues). For instance, for queues in isolation, a sufficient condition
for deterministic stability is that at each queue the leaky bucket rate for the arrivals is less than
the minimum service rate [55].

4Note that for binary vectors @; and @z, the component-wise inequality a1 < Gs implies that the set of queues active
in state a; is a subset of the set of queues active in state as.
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Definition A.2.2 (Continuous Data Scaling Block). For any time interval [t1,t2], withta > t; > 0,
let A(ta —t1) be the amount of bits arrived at a node in the time interval. The node is a continuous
data scaling block, with scaling value S € R, if the amount of bits at its output during the same
time interval is SA(ta — t1).

Scaling blocks have been introduced in [NC| in order to model transformation processes which
alter the total amount of traffic (lossy channels, data processing, encoding/decoding, discard of
non-conformant traffic).

Definition A.2.3 (Policer). A policer with rate Q is a processing node that, for any arbitrary input
traffic, forces Q as the mazximum instantaneous departure rate at its output.

In what follows we consider unbuffered policers, which discard non-conformant traffic.

Finally, we recall the concept of Generalized Processor System (GPS) node [56]. In general, a
[GPS] node is composed by a server having a fixed service rate R, and M different queues. Each
queue is characterised by a weight w;. At any given time, R is split among the non-empty queues
proportionally to their weights.

A.2.2 A new approach to CPS Analysis

One of the main reasons that accounts for the complexity in studying the performance of [CPSk is
the fact that correlations between service rates are mutual, which implies circular dependencies. To
make the problem tractable, we propose a method to break circular dependencies in the analysis.
Specifically, we suggest to order the queues and to model the service rate impairment caused
by each queue on the queues following in the ordered list, starting from the top of the list (position
1). With this, we model inter-queue dependencies in one direction (top-down in the list). To
model the dependencies in the other direction (bottom-up in the list) without incurring in complex
calculations, we consider that a queue in position j in the list is considered as always active by all
the queues listed in position k < j. This is clearly a worst case approach, which will lead to the
identification of performance bounds. Moreover, all possible orderings needs to be considered. In
the following we describe the network abstraction that allows to study analytically the performance
of a according to the above described methodology (Section and derive the conditions
under which such network abstraction yields performance bounds for a (Section .

A.2.2.1 Feed-forward networks

Our method is based on the derivation, from a given [CPS| of a set of feed-forward networks, i.e.,
loop-free networks of queues. In such feed-forward networks, dependencies between queues, while
still present as in the original [CPS| are not mutual. Indeed, the feed-forward structure allows to
analyse the network by stages: the activity of a given node, representing a queue, affects only
the service rates of those queues which are mapped in following stages of the feed-forward
network. Such rate impairment is modeled with an exchange of traffic from the affecting queue
to the affected one(s). The effect on queues at preceding stages is modeled instead through a
constant penalty on service rates at those stages. This structure allows to apply standard methods
for performance analysis, such as classical queuing theory or basic network calculus results.

The structure of the feed-forward networks we propose is the following. Each of such networks
has N stages and a two-queue work-conserving node at each stage. nodes are in a one-to
one mapping relation with queues of the[CPSl Specifically, let j € {1, ..., N} be the label of the j-th
stage of a feed-forward network, as well as of the node in it, and let us label each of the queues
of the from 1 to N. Let n = (n1,...,nj,...,ny) indicate one of the N! possible permutations
of the labels of the queues. To each permutation 7n it corresponds a specific mapping which
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Figure A.5: Structure of the j-th stage of a feed forward network associated to a N-queue [CPS]

associates the j-th node to the nj-th queue of the

Figure[A 5| describes the general structure of the j-th stage of such feed-forward networks, whereas
Figure shows an example of a three-queue and one of the possible feed-forward networks
associated to it. For stage j, each traffic flow 5 coming from one of the j—1 previous stages is
fed to a dedicated scaling block, with scaling coefficient S; ;. The aggregate output of all the j—1
scaling blocks is then fed to a policer with rate Q; = (R} — R;2"), where Rp! is the service rate
of queue n; of the when the active queues at the are nj,nji1, ..., N, and Rfl‘;t when all
queues of the are active.
The output of the policer is finally fed to a dedicated queue of the The other queue of the
is dedicated to traffic from fresh sources. At any time ¢, we assume arrivals from fresh sources
at stage j are the same as at the corresponding queue n; at the The total capacity of the
node is R%’ , which means that the serving rate of the in j-th stage of the feed-forward
network is the minimum possible rate with respect to the state of queues njt1,...,ny at the
The weights are w = R} /Ry! for fresh traffic, and 1—w for traffic from the policer. At the
output of the node, traffic coming from stages 1, ..., —1 exits the network. The remaining
traffic is fed to a block which produces N—j exact replicas of the same traffic, introducing no delay.
Each replica is fed to one of the following stages.

Let us indicate with Fj(t) the rate impairment at node j. It is the output of the policer at stage
j, and models the effect of activity at nodes in stages 1, ..., j—1 on the fresh traffic service rate at
node j. Due to the network structure, we have:

7j—1
F;(t) = min (Z Br(b(t)) Sk, RE — Rf;;t) : (A.4)
k=1

It is easy to prove that the rate impairment traffic depends only on the activity of the N queues
dedicated to fresh traffic. b(t) is a binary vector which j-th element is zero if at time ¢ the queue
for the fresh traffic at the j-th node of the feed-forward network is empty, one otherwise. The
impairment traffic is therefore modeled at the fluid limit as By (b(t)) = Ri? — Fr(b(t)) Vk € 1, ..., j—1.

It is clear that the proposed feed-forward networks are also networks of coupled queues, where
coupling translates into rate impairments.
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Figure A.6: An example of a three-queue [CPS| and of a network associated to it, corresponding to
the mapping (1,3,2).

A.2.2.2 Upper Bounding Conditions

In the networks we have described, the scaling coefficients S; ;. are free parameters. Hence, if S is
the matrix of the scaling coefficients of the network, then for a given [CPS], each choice of the pair
(n, S) identifies a specific network associated to that In what follows we present a set of
sufficient conditions on rate impairments (and therefore on scaling coefficients) that a feed-forward
network must satisfy in order to allow deriving, from its stability, the stability of its associated
[CPS!

Theorem 3. Given a[CP3 and a (7, S) feed-forward network associated to it, the stability of this
network implies the stability of the[CP3 (and we say that the network upper bounds the[CPS) if the
following holds:

Fi(t) > RyP — R, (1), Vt > 0Vj € {1,..., N }; (A.5)

where R;l]. (t) is the service rate at queue nj of the [CPY when the queues of the [CPS which are
active are all those associated to corresponding active queues in the feed-forward network at t.

Proof. We begin with the following result, which defines a sufficient condition for a class of networks
to upper bound a [CPS

Lemma A.2.1 (Upper Bounding Network). Consider a network with N' > N queues, such that
there is a one-to-one mapping between the queues of the and a subset of N queues of the
network. The mapping is such that each queue j in the subset has the same arrivals at any time
t as its corresponding queue nj in the [CPS. Let Ry, (t) and R;(t) be the service rates at time t,
respectively, at queue n; and queue j. If at any time t > 0, for each queue n; of the [CPY, it holds
R;(t) < Ry, (t), then the network upper bounds the [CP3.

Let us indicate with O;(b(t)) = Ry” — F;(b(t)) the instantaneous service rate for fresh traffic at
the j-th [GPS node. Then Equation (A.5)) can be written as:

0;(b(t)) < Ry, (t) = R, (b(2)). (A.6)
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Here Ry, (b(t)) is the service rate of queue n; of the when the queues active at the at
time ¢ are only all those which correspond to active queues for fresh arrivals at the network at
time ¢. Equation ensures that the service rate of each queue for fresh traffic of the network is
always inferior to the one of the correspondent queues in the [CPS| when all active queues for fresh
arrivals in the network are associated to active queues at the

We now prove that such property is sufficient for the network to respect Lemma genTheorem.
That is, we prove that if Equation (A.6) holds at any node and any time ¢ > 0, then Oj(B(t)) <
Ry, (a(t)) for any node j and any time ¢ > 0. In the following, indeed, we prove that b(t) > a(t) at
any time t. If so, from Equation , it follows that

0;(b(t)) < Bn,; (b(1)) < Ry, (a(t)).

hence proving the theorem.

In the following, we prove that b(t) > a(t) by contradiction. Considering that the arrivals are
the same at the nodes of the network and at the corresponding queues of the [CPS| we can assume
that at t = 0, b(t) = a(t).

Then, we assume by hypothesis that ¢* is the first moment where a queue n; that is not empty
at the turns empty in the corresponding node k of the network. In other words, t* is the
first moment where b(¢) > a(t) does not hold. In order to satisfy the hypothesis by (t) < @n, (t),
it exists at least a moment ¢’ € [0,#*) where O (b(t)) > R, (a(t)). Since the is monotonic,
this is possible just if at ¢ one of the queues for fresh traffic is empty at the network, while the
corresponding queue at the is not. The existence of ¢’ contradicts the definition of t*, proving
the theorem. O

The proof of this result is based on the fact that Equation implies that at any moment,
and at any node of the network, the instantaneous service rate for fresh traffic is always not larger
than at the corresponding queue of the Hence, bounds on backlog and delay for fresh traffic
queues in any feed-forward network hold also for the corresponding queue in the

For a given and a given mapping f, Theorem |3 identifies a set of feasible arrays S, and
hence of networks (7,5). From the structure of the feed-forward network, it can be easily verified
that for every mapping n there are at least two choices of scaling coefficients which always satisfy
Theorem [3
The first one consists in setting all scaling values to a value larger than the largest possible service
rate in the Note that such a choice is suboptimal, as it is equivalent of studying the system
in saturation. A second choice corresponds to setting Vj € {1,...,N}, Vk € {1,....,5 — 1},

up  pk—up
P i
VLA U, )
Ry

where RZJ._UP is the service rate at the [CPS queue n; when the ICPS queues ny, ..., ny are active.
Such values of scaling coefficients make the contribution to interfering traffic from stage k equal to
the one we have when stages k, ..., j—1 are active.

A.2.3 Sufficient Conditions for Stability

In the previous section we have seen how to derive a set of upper bounding networks for a given
CPS. In what follows we present some sufficient conditions for stability of a

In what follows, we assume fresh traffic is constrained by arrival curves. More specifically, we
consider leaky bucket arrival curves, despite similar results can be derived through our method for
other types of arrival curves. The following theorem defines a set of sufficient conditions on leaky
bucket rates for the deterministic stability of the
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Theorem 4. Given an N -queue[CPS, where at each node j = 1,..., N fresh arrivals are constrained
by leaky bucket arrival curves, with parameters (pj, o;), the s deterministically stable if there
exists at least one associated network (n,S) satisfying Theorem @ and such that at each stage
J=1,...N, pn, salisfies

j—1
pn; < max <Rf;;t, R —%" sj,kpnk> . (A7)
k=1

Proof. Theorem [4 can be proved by induction on the index j of the stages of the feed forward
network. Let us consider a network (7, S) associated to the given [CPS| and satisfying Theorem
Let us consider stage 7 > 1. As stages 1 to j-1 are stable, fi(t), k € 1,...,7 — 1 is constrained
by a leaky bucket arrival curve with rate p,,. Hence, from Equation , the rate impairment
is constrained by a leaky bucket arrival curve, with rate equal to min(Ry" — Rfl‘;_t, ch;ll P Sik)-
(rhoconstraint) derives from imposing that the sum of the leaky bucket rates of all arrivals at the
node should be less than its total service rate Ry?. O

From the above, we can see that a trivial sufficient condition for stability is p; < Rfl‘jt, V7,
which corresponds to assuming the whole system is in saturation (all queues active). The derived
expression for the achievable rates p in takes into account the fact that queues are not always
active, and they are function of the bounds to fresh traffic at those nodes which affect the service
rate of the considered node.
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A.3 [CPS characterisation of [[TE/[D2D] inband and optimisation

In this appendix we provide more details on the [CPStbased characterisation of [LTEI[D2D] inband
mechanisms presented in Section A basic introduction to [CPS modelling has been presented

in Appendix [A22]

A.3.1 System Model

We consider a base station (or [eNB] in [LTE) belonging to an [CTEl access network, serving U
cellular users. Under the coverage area of the considered [eNB| there are also D transmitter-
receiver pairs. We consider a static scenario, in which [D2D] pairs do not change over time and in
which users do not move. We assume transmissions happen on the uplink channel. The main
reason for this choice is that in uplink the [eNB] is the receiver of all cellular transmissions and
has complete knowledge of the sensed interference. We consider a log-distance path loss model.
Specifically, path loss (in dB) between a transmitter and a receiver at a distance r is given by

L(r) = Lo+ 10n1og; (%) + Xg, where Lg is the path loss at a reference distance rq, 7 is the path

loss exponent, and Xg is a Gaussian random variable with standard deviation og, modelling the
effects of shadowing [57]. As medium access technology, we assume that is used.

Transmission time is split into slots of fixed duration, while multiple and independent sub-carriers
are obtained over a wide channel bandwidth. A RB is the smallest resource that can be assigned
to a particular userﬁ We model capacity through the Shannon formula. Therefore, if a generic
transmitter ¢ (either cellular or [D2D)) and its receiver j are at a distance r; ;, the amount of bits
b(r;,;) transmitted per RBlis:

b(ri,j) =min(7Blogy[ 1+ Pr(10 IZW ) b (A.8)
NoB+Y Pr(k)10~ 10" +1¢
ki

where B is the bandwidth of the [RBl 7 is the duration of a time slot, Pp(i) is the per{RBl trans-
mission power of 7, Ny is the noise spectral density, I¢ is the inter-cell interference, while by is the
maximum amount of bits that can be transmitted in a RB when the best modulation and coding
scheme is used. The summation of the interference at the denominator goes over all the active
transmitters in the [RB], both cellular and We assume that the transmission power used by
the devices is fixed over the [RBb and over time.

A.3.2 A D2Dlin-band underlay scheme for [[TEl

In in-band underlay transmission, a pair can be scheduled by the [eNBl on the same
that are assigned to cellular transmitters, or to other pairs. Figure[A 7] represents an example
of radio resource utilization of in-band underlay communication.

The particular resource scheduling policy we consider is a variation over the one proposed in
FlashLinQ [26]. FlashLinQ is a state-of-the-art [PHYHMAC] architecture for that allows the
scheduling of different transmitters (D2D] or cellular) in the same time and frequency resource,
through an [OFDMAllike access selection mechanism. The scheduling of the transmitters is per-
formed at [RB]level. Furthermore, FlashLinQ does not distinguish between cellular and [D2D] users.
We believe indeed that the [UEk have to be considered as primary users of the cellular access net-
work and the transmissions have to be scheduled without preventing satisfactory performance

®The analysis holds also for Single Carrier-FDMA ([SC-EDMA), where a set of [RBk (and not one) is the minimum
quantum of resource.
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Figure A.7: Use of resources in [D2D] in-band underlay systems.

for cellular users. We introduce therefore a two-tier scheduling policy of the transmitters, where
first cellular transmitters are scheduled, and where subsequently the FlashLinQ scheduling policy
is applied to the [D2D| transmitters:

e Cellular [UEk transmitters: The scheduling policy at the is Equal Time [58], which
is interference—unawareﬁ In order to have a full understanding of the effect of the
transmissions on the cellular ones, we also assume that cellular [UEk are in saturation, i.e.,
they always have a packet ready to send. In practice, the [eND] assigns [RBk to each cellular
user with the same probability.

. transmitters - FlashLinQ policy: For each [RB] all the transmitters having
at least one packet to send are considered. Those who are scheduled for transmission are
all those (i) whose interference on the cellular transmitter scheduled in the same RB is
below a given limit, and (i) who are able to achieve a given minimum Signal to Interference
Ratio ([SIRI), considering the cellular [UElscheduled in the particular [RBJunder analysis and all
the [D2D] transmitters already scheduled. This ensures that the impact of [D2D] transmissions
on cellular ones is kept below a given threshold and, furthermore, that users achieve a
target minimum throughput.

The order in which transmissions are considered by the above scheduling procedure de-
termines the set of scheduled transmissions in a given [RBl Therefore, in order to maximise
fairness among[D2D] transmitters, as in FlashLinQ, every time a scheduling decision has to be made,
the order of candidate transmitters is picked at random, following a uniform distribution.

A.3.3 A [CPS| for [D2D| Schemes

In this section we show how to tackle the analysis of in-band underlay schemes. First we
introduce a model that is able to characterise the main features of such schemes. Then, we
present the main tools we use to analyse such a model.

In order to study the performance of the cellular and systems, we use a [25]. A[CPSlis
a set of parallel queues, whose service rates at any time t is determined by the set of active queues
at that time. More formally, if at time ¢ the set of active queues is I(t), the service rate of queue

S Any scheduling scheme, even interference aware, for which it is possible to determine the scheduling probability of
a cellular user can also be used.
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i € I(t) is Ri(t) = R;(I(t)). Therefore, at each time ¢, the set of active queues I(¢) univocally
determines the state of the system. Note that the set of system states Z is finite, and represents
all the possible subsets of active queues of the [CPS

The system can be mapped into a where D queues are present (the number of queues
exactly corresponds to the number of transmitters under analysis). Each of the “coupled”
queues models one of the transmission queues, where the coupling arises from mutual inter-
ference with the other pairs scheduled in the same [RBl

Considering that the number of bits transmitted in a RB by the pair d € D = {1,...,D}
depends on (i) the set of active pairs, i.e., the system state I € Z, (ii) the cellular user
weU ={1,...,U} scheduled in the same [RB] and (4i:) the particular order Ip in which users
are listed in the scheduling algorithm, the average service rate of d when I is the system state is
expressed by:

b (I
Ry(I) = % > ZIONT’,(O) (A.9)

where |I| is the number of active pairs when I is the system state, |I|! are the possible sorted
lists of active pairs, ¢ is the number of available RBk per second and bY(Ip), computed
applying , is the amount of bits per RB transmitted by d when the cellular device u is active
and Ip is the particular sorting used to schedule the active pairs. Here we have used the fact
that all |I|! possible permutations of active pairs are equally likely to be chosen, as well as
the probability of having a cellular user u scheduled in a[RBlis %, due to the Equal Time scheduler
adopted.

The approximation we make with this model consists in considering the instantaneous service
rate of the queues as the average rate of the corresponding [D2D] transmitters in a given system
state. Furthermore, while the cellular transmissions are scheduled sequentially, on a per{RB| basis,
and the change of system state can happen only when a new [RBl is scheduled, the equivalent
model works at the fluid limit, i.e., each queue would serve his traffic as it were infinitely divisible,
and it could change state at any time t. In Section we validate numerically that those
approximations are acceptable, and that the models accurately the dynamics of the original
system.

We summarized how to study a queuing system in Appendix

A.3.4 Proportionally Fair Optimisation

By exploiting the knowledge of the conservative estimate of the stability region of the system, here
we show how to achieve proportional fairness among transmissions. Given a with D
queues, each representing one of the D pairs in the scenario, we first formalize a proportional
fairness throughput optimisation problem that exploits the feed-forward networks introduced in
Appendix and then we present a heuristic which searches for the optimum by characterising
just a suitably small subset of networks.

We assume to have D transmitters, that their demand is given and that arrivals can be
described through equivalent leaky bucket characterisations {p;,0;}, i € {1,..., D}. The goal of the
optimisation is to introduce leaky bucket shapers at the transmitters, having long term rates p; < p;,
in order to () ensure stability at the transmission queues of the[D2D]users, (ii) maximise a weighted
sum of the logarithms of the rates, thus achieving proportional fairness of user’s throughputs. The
solution of the optimisation problem and the distribution of the long term rates of the shapers to
the transmitters can be easily performed by the where the transmissions are taking
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place. Formally, we express the optimisation problem as follows:

D

maximise max g wq, log (p}) ,
p* o “ '
=1

subject to: Vi=1,...,D,
i—1 RZLZ?_Rk,up >

* : up min d; *
pg, +min <Rdi —Rg", E Tplpdk
k=1 dk

(A.10)

< Ré‘f,

where the maximisation is performed over any possible ordering dp of D tuning the long term rates
p* of the shapers we want to introduce in the network and where wy, is the weight assigned to
the transmitter d; in order to achieve proportional fairness. The first constraint ensures that the
long term rate pj; we pick leads to a stable transmission queue for the generic transmitter d;
(directly from Theorem7 while the second ensures that the long term rate we pick for the shapers
is at most the one of the demand of the generic transmitter d;.

When dealing with a particular sorting dp, the presence of the min function in the constraints
leads to a piece-wise linear feasibility region. To deal with the problem, we use the Big-M trans-
formation [59], so that the resulting optimisation problem has a convex objective function and
belongs to the mixed-binary programming family. We achieve the global optimum of the optimisa-
tion through branch-and-bound (B&B) method [60].

A.3.5 Derivation of a Heuristic

In order to reduce the computation required by the optimisation problem over the rates pg, when
the sorting do is analysed, we stop the B& B evaluation when the intermediate solution is at most
at e from the optimum (B&B gives, at each step, a higher and a lower bound for the optimum).
This parameter can then be tuned according to the desired trade-off between computational cost
and performance of the heuristic.

The second and most important approximation we introduce is in the set of networks that we
evaluate. Instead of choosing all the sortings dp, we try to identify the subset of feed-forward
networks that most probably contains the stable set of long term rates p* that maximise our
proportional fair problem. We limit to those networks the evaluation of .

To choose such subset we use the following reasoning. Due to the cascade structure of the feed-
forward network, for each queue, the earlier is the stage to which the corresponding
queue belongs, the larger the set of queues whose coupling with the considered one is modelled
more accurately, i.e. through feed-forward traffic rather than via a penalty on the service rate
which holds for any time ¢.

Obviously, the higher the weight of the pair in the proposed optimisation, the higher is
the contribution to the utility function of the system. Therefore, the objective of the heuristic we
propose is to maximise the achieved throughput of the pairs associated to the largest weights.
Accordingly, the small subset of networks we decide to evaluate is initialized by probabilistically
mapping transmitters onto nodes sequentially, starting from the earliest stages of the
feed forward network, with probabilities proportional to the weights w; of transmitters in
the objective function of the optimisation . We repeat the probabilistic mapping process
to populate a small set of starting points for the heuristic. For each starting point network, we
identify the set of D—1 neighbouring networks each obtained by swapping two adjacent nodes.
Within this set of neighbours, the network with the higher proportional fairness for the system
is taken as the new reference network, and the evaluation of neighbour feed-forward networks is
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Table A.4: Simulation Setup

[LTEl Carrier 2.45 GHz
Uplink Bandwidth 20 MHz
B 200 kHz
Subframe Duration 7 1 ms
by 468 bits/RBI[]
Size Scenario 300 x 300 m
Max Dist. pair 40 m
70 3m
n 2.5
os 8 dB
N 3.98+ 107 W/Hz
pMAX 200 mW
packet length 12 Kb

repeated until a local maximum for the proportional fairness is found. Obviously, the trade-off
among computation and accuracy of the solution is given by the number of starting points we
choose.

A.3.6 Numerical Evaluation

In this section, we show the advantage achieved exploiting our analysis when a proportional fair
assignment of the resources is the goal. For the whole set of proposed simulations, Table
summarizes the values of the parameters we used. We also used power control mechanisms, aiming
to achieve a per{RBISNRI of 50.

Now, we show the results of the optimisation problem we presented in Section In the fol-
lowing, we set e = 10%, a value that was showing a good trade-off among precision and complexity.
First of all we present how close the heuristic performs if compared against a brute force approach,
i.e., an approach that solves the optimisation problem over all the possible upper bounding networks
wo, with € = 0%.

In order to show the scalability of the approach we propose, here we choose larger scenarios. In
Table we present the results obtained when 20 cellular transmitters and 3, 4, 5 and 6
transmitters are present. The choice of the number of transmitters is such that we can solve the
optimisation problem with the brute force approach.

The position of the devices, the demand of each of the transmitters and each weight in the
utility computation is picked at random for any of the optimisation problems performed. Table
shows that the presented heuristic performs as good as the brute force approach in most of the
cases, although it does not need to explore the entire set of demands.

In order to evaluate the complexity of the heuristic proposed, Table shows the number
of networks evaluated by the heuristic and the complexity of each of the optimisation problems
solved (one for each network). Such complexity is evaluated in terms of different branches the
B& B algorithm requires before reaching an intermediate solution that is at most e=10% far from
the optimum. In this case we also evaluate a set of larger optimisation problems, with 8
transmitters. In particular, Table shows that the complexity of the solution proposed by the
heuristic presented in Section remains computationally feasible, even though the complexity
of the brute force approach grows fast.

"Given 64 — QAM as modulation and 0.93 as approximated coding rate.
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Table A.5: Heuristic vs. Brute force: Utility
D2D) Heuristic Brute force
transmitters || Mean | 95% Conf. Int. || Mean | 95% Conf. Int.
3 2.5359 2.38-2.69 2.5360 2.38-2.69
4 2.5796 2.45-2.71 2.5843 2.45-2.72
) 2.3451 2.21-2.47 2.3503 2.22-2.47
6 2.2191 2.02-2.41 2.2369 2.04-2.43
Table A.6: Heuristic vs. Brute Force: Complexity
D2D Mean # of Networks | 95% Confidence || Networks
transmitters (Heuristic) Interval Available
3 3.44 3.36-3.52 6
4 4.60 4.36-4.84 24
5 9.56 8.95-10.18 120
6 11.70 10.49-12.92 720
8 22.70 20.52-24.88 40320
D2D! Mean # of Branches | 95% Confidence || Branches
transmitters (Heuristic) Interval Available
3 2.00 2.00 - 2.00 2
4 1.99 1.90 - 2.07 4
5 2.74 2.56 - 2.93 8
6 2.85 2.55 - 3.15 16
8 4.82 4.10 - 5.53 64
Table A.7: Optimisation vs. Saturation: Utility
[D2D! Mean | 95% Conf. || Mean | 95% Conf.
transmitters Sat. Interval Opt. Interval
3 2.3289 | 2.11-2.54 || 2.5303 | 2.37-2.68
4 2.2870 | 2.06-2.50 2.5750 | 2.44-2.70
5 1.9881 | 1.80-2.17 || 2.3424 | 2.21-2.47
6 1.7460 | 1.39-2.09 2.2153 | 2.01-2.41
8 1.5185 | 1.25-1.77 || 2.0537 | 1.91-2.19

In order to show the gain that the knowledge of the conservative estimate of the stability region
brings, we also simulate all the scenarios for which the optimisation was performed. We simulate,
for each of the cases, the operation of the in-band underlay system, considering or not the
presence of shapers at the transmitters set as the output of the optimisation problem we
solved. In both cases we compute the throughput achieved from the transmitters, and then
we compare the corresponding log-utility (see (A.10)).

As it easy to see from Table even if we achieve just a conservative estimate of the whole
stability region, the shapers improve sensibly the value of the utility achieved. In particular, when
the scenarios get larger, the utility improves up to 35.2% on average and 131.53% in the best case.
Please note that the simulations performed when the shapers are present reach almost the same
utility values that the optimisation problems were giving in output.

66 PU CROWD



D Document:  FP7-ICT-2011-8-318115-CROWD/D 2.3
CROW Date: 30/04/2015 Diss. level: PU

Status: Submitted to EC  Version: 1.0

A.4 Design and performance of [ADQOSI

In this section we show how to derive the theoretically optimal operational values for access proba-
bilities p; and transmission rate thresholds R; in a[WLAN|with distributed opportunistic scheduling
enabled. We have used the results presented in this appendix in the design of the mechanism
presented in Section [2.2.1] Here we also detail how works and report on its performance
assessment.

A.4.1 Optimal p; configuration

To compute the optimal p; configuration, we start by expressing the throughput r; as a function of
p- Let [; be the average number of bits that station ¢ transmits upon a successful contention and
T; be the average time it holds the channel. Then, the throughput of station i is

_ Ds,ili
ijSJTj + (1 —ps)T

where p,; is the probability that a mini slot contains a successful contention of station 7 and pj is
the probability that it contains any successful contention,

Ps,i = Di H (1 _pj)a bs = Zps,i
i

J#

T

Both [; and T; depend on R;. Upon a successful contention, a station holds the channel for a
time 7 + 7 in case it transmits data and 7 in case it gives up the transmission opportunity. In
case the station uses the transmission opportunity, it transmits a number of bits given by R;(0)7.
Thus, T; and [; can be computed as

T; = Prob(R;(0) < R;)T + Prob(Ri(0) > R;)(T +7)

and

li:/ rT fr,(r)dr
R;

where fg,(r) is the pdf of R;(9).
Similarly as in [61], let us define w; as

w; = Lot (A.11)
Ds,1
where we take station 1 as reference. From the above equation, we have that ps; = wips/ > ; Wy
substituting this into (A.11)) yields
w;Psli
Zj w;psTj + Zj w;i(1 —ps)T

In a slotted wireless system such as the one of this paper, the optimal access probabilities satisfy
> ;pi =1 (see [62]), which gives an optimal success probability ps approximately equal to 1/e,

ps=Y pi][1-pmd pe 2o = (A.12)

i g i
With the above, the problem of finding the p configuration that maximises the proportionally
fair rate allocation is thus equivalent to finding the w; values that maximise ), log(r;), given that

T =

ps = 1/e. To obtain these w; values, we impose 62;‘9175?(”) = 0 which yields

i—N psﬂ‘f’(l_ps)T —0
wW; Zz wipsTi + Zj wj(l - Ps)T
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Combining this expression for w; and w;, we obtain

wi T+ (1 — po)T
wy psﬂ + (1 _ps)T

Given that w;/w; = p;/p; and p, = 1/e, the above can be rewritten as

pi _ Tj+(e—1r

= T e—Tr (A.13)

Furthermore, the probability that a given mini slot is empty can be computed as follows,

pe=][1-pime ZiPi=e! (A.14)
7

We use a different approximation than [61]’s in order to remove any dependency with the number
of stations, a result that we will exploit to design an algorithm that works well under non-saturation
conditions too. Our simulation results show a very small performance impact for using this ap-
proximation instead, practically negligible for scenarios with N > 4 stations.

With the above, we compute the solution of the optimisation problem by finding the p values
that solve the system of equations formed by and .

Hereafter, we denote the unique solution to the system of equations by p* = {p},...,px}. Note
that determining p* requires computing 7; Vi, which depend on the optimal configuration of the
thresholds R. In the following section we address the computation of the optimal R, which we
denote by R* = {R%, ..., Ry}

A.4.2 Optimal R; configuration.

In order to obtain the optimal configuration of R, we need to find the transmission rate threshold
of each station that, given the p* computed above, optimises the overall performance in terms
of proportional fairness. To this aim, we rely on Theorem 1 in [6I] to find that the optimal
configuration of the transmission rate thresholds is given by R}; = R}ﬁ, where R,lc is the transmission
rate threshold that optimises the throughput of station k when it is alone in the channel and
contends with p = 1/e (under the assumption that different channel observations are independent).

This is done in [28], which uses optimal stopping theory and finds that the optimal threshold can
be obtained by solving the following fixed point equation:

_ BT
- TJe

E[Ri(9) - R;]" (A.15)

Note that the above allows computing the threshold R;‘ of a station based on local information
only, as does not depend on the other stations in the network and their radio conditions. In
particular, the optimal threshold configuration is independent of the access probabilities p, which is
crucial as it allows decoupling the algorithm that adjusts the configuration of R from the one that
adjusts p. In the following, we present two independent adaptive algorithms to bring the system
to the optimal point of operation: one that drives the access probabilities p to their optimal values
p*, and another that drives the threshold of each station R; to its optimal value R;“ .

A.4.3 The [ADOS| Mechanism

We next present our mechanism, named [ADOS] to adapt the operation of the opportunistic schedul-
ing to the conditions in the (WLANL

68 PU CROWD



D Document:  FP7-ICT-2011-8-318115-CROWD/D 2.3
CROW Date: 30/04/2015 Diss. level: PU

Status: Submitted to EC  Version: 1.0

Y

— (L Fy(2)

Cp,l(z) 1/x

wireless
network

Cp,N(Z) Ll 1/X

A

—&%2—‘)» Fo(2)

Figure A.8: Adaptive algorithm for p;.

A.4.3.1 Adaptive algorithm for p;

Following the first approximation above, with[ADOS]each station implements an adaptive algorithm
to configure the access probability p;, with the goal of driving the channel empty probability to
1/e, as given by in Section

Driving the channel empty probability toward a constant optimum value fits well with the frame-
work of classic control theory. With these techniques, we measure the output signal of the system
and, by judiciously adjusting the control signal, we aim at driving it to the reference signal. A
key advantage of using such techniques is that they provide the means for achieving a good trade-
off between the speed of reaction and stability while guaranteeing convergence, which is a major
challenge when designing adaptive algorithms.

Figure depicts our algorithm to adjust p, where each station computes the error signal £,
by subtracting the output signal O, from the reference signal R,, (the functions in the figure are
given in the z domain). The output signal O, is combined with a noise component W), of zero
mean, modelling the randomness of the channel access algorithm. In order to eliminate this noise,
we follow the design guidelines from [63] and introduce a low-pass filter F,(z). The filtered error
signal Ep is then fed into the controller C) ;(z) of each station, which provides the control signal
t;, defined as the average time between two transmission of station i. Station ¢ then computes
its access probability as p; = 1/t;. With the p; of each station, the wireless network provides the
output signal O, which closes the loop.

In the above system, we need to design the reference and output signals R, and O, as well as
the transfer functions of the low-pass filter and the controller, F},(z) and Cp;(z). In the following
we address the design of these components with the goal of ensuring that the empty probability p.
is driven to 1/e.

In our system, time is divided into intervals such that the end of an interval corresponds to a
transmission in the channel (either a success or a collision). Given that the target empty probability
is equal to 1/e, the target average number of empty mini slots between two transmissions (i.e., our
reference signal) is equal to R, = 1/(e — 1). In this way, after the n-th transmission, each station
computes the output signal at interval n, denoted by Op(n), as the number of empty mini slots
between the (n — 1)-th and the n-th transmission. The error signal for the next interval is then

computed as
E,(n+1) =R, — Oy(n). (A.16)

With the above, if p, is too large then Op,(n) will be larger than R, in average, yielding a negative
error signal E,(n+1) that will decrease t; for the next interval, which will increase the transmission
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Figure A.9: Adaptive algorithm for R;.

probability p; and therefore reduce p. (and vice-versa). This ensures that p. will be driven to the
optimal value. For the low-pass filter F),(2), we use a simple exponential smoothing algorithm of
parameter «, [64], given by the following expression in the time domain,

Ey(n) = apEp(n) + (1 — ap)Ep(n — 1),
which corresponds to the following transfer function in the z domain:
Xp

Fy(z) = 1—(1—ap)z

For the transfer function of the controllers Cj, ;(z), we use a very simple controller from classical
control theory, namely the Proportional Controller [65], which has already been used in a number
of networking problems (see e.g. [66]):

Cp,i(z) = Kpi,

where K),; is a per-station constant. In addition to driving the empty probability to 1/e, we also
impose that the access probabilities satisfy the fairness constraints reported in Section
Since we feed the same error into the different stations, and the proportional controller simply
multiplies this error by a constant to compute p;, the following equation holds for all 7, j:

pbi Kp,;

pj  Kpi
Therefore, by simply setting K, ; as
Kpi =Ky (Ti + (e = 1)7)
we ensure that (A.13]) is satisfied.

A.4.3.2 Adaptive algorithm for R;

The goal is to adjust the threshold R; to drive the threshold of all stations to the optimal value
given by (A.15)) in Section Note that (A.15]) is equivalent to the following equation:

Rit
T/e

E|(Ri(0) — RH)T — =0. (A.17)

In the following, we design an adaptive algorithm that drives R; to the value given by the above
equation. The algorithm is depicted in Figure Similarly to the adaptive algorithm for p;, we
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base the algorithm design on control theory. The key difference between the two algorithms is that,
since the optimal value of threshold of a station depends on local information only and hence does
not depend on the threshold value of the other stations, we can consider each station separately
(in contrast to Figure [A.8)).

In order to ensure that the configuration of R; satisfies (A.17)), we design the output signal of
the algorithm, Og, equal to the term (R; — R;)*, and the reference signal, Rg, equal to the term
R;7/(T/e). Thus, by driving the difference with these two terms (i.e., the error signal) to zero, we
ensure that is satisfied.

Following the above, upon its n‘® successful contention, a station measures the channel trans-
mission rate R;(n) and computes the output signal as

Or(n) = {ORz(n) — R;(n), i)ft}}zlfzzs:: Ri(n)

From the above output signal, it then computes the error signal as

Ri (n)’i'

Egr(n+1) = Or(n) - T/e

Due to the randomness of the radio signal, the output signal carries some noise Wg. In order to
filter out this noise, we apply (like in the previous case) a low pass-filter Fr(z) on the error signal,
which yields ) R

Er(n) = arE(n) + (1 — ag)Er(n — 1)

Also like in the previous case, the error signal is introduced into a proportional controller,
C R(Z) =K R

where K is the constant of the controller.

The controller gives the threshold configuration R;(n) as output. As mentioned above, by driving
the error signal ER(n) to 0, the controller ensures the threshold value satisfies and thus
achieves the objective of adjusting the threshold to the optimal value Rz‘.

A.4.3.3 Control Theoretic Analysis

With the above, we have all the components of the[ADOS| mechanism fully designed. The remaining
challenge is the setting of its parameters, namely the parameters of the adaptive algorithm for p;
(Kp and o) and the adaptive algorithm for R; (KR and ag). For the derivation of these parameters,
we refer the interested reader to our publication [7].

A.4.4 Performance assessment figures for ADQS

In Section we have presented the basic performance figures for [ADOS| and assessed its be-
haviour with respect to other state of the art mechanisms. Here we add more performance figures
achieved via simulation.

A.4.4.1 Stability of ADOS

The setting of the parameters {Kj, ap} and {Kg, ar} achieves a good tradeoff between stability
and speed of reaction. This is verified by the results presented in this and the following two sections.

To verify stable behavior, we first analyse the evolution over time of the access probability p; of
a station for the proposed {Kj, a,} setting and for a configuration of these parameters 10 times
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larger, in a homogeneous scenario with N = 5 saturated stations and p = 4. Figure shows the
evolution of p; for both cases, sampled over 10°7 intervals. We observe from the figure that with
the proposed setting (labeled “Kj, "), p; shows minor deviations around its average value, while
for a larger setting (labeled “K),* 10,y * 10”), it shows unstable behavior with drastic oscillations.
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Figure A.10: Stability of p;.

Similarly, we also analyse the evolution over time of the threshold R; of a station for the proposed
{KR,ar} setting and for a configuration of these parameters 10 times larger in the same scenario.
The results, depicted in Figure confirm that the proposed setting for these parameters is
stable while a larger setting is highly unstable.
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Figure A.11: Stability of R;.
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Figure A.12: Changing number of stations.

A.4.4.2 Changing number of stations

We next investigate the speed with which the system reacts to changes in the number of stations of
the wireless network, which triggers the adjustment of the access probabilities p;. To this aim, we
consider a wireless network with initially 5 stations, where 5 additional stations join the network
after a time 5 - 1057. All stations have p = 4. Figure shows the evolution of the access
probability of one of the initial stations sampled over 10°7 intervals. We observe from the figure
that with our setting (labeled “K,,a,”), the system quickly adapts the p; of the station to the new
value. In contrast, for a setting of these parameters 10 times smaller (labeled “K,/10, ,/10”), the
reaction is very slow and the system only converges after 5 - 10%7.

The results confirm that the proposed configuration for the parameters of the algorithm that
adjusts p;, {Kp, ap}, provides a good tradeoff between stability and speed of reaction, since with
a larger setting of these parameters the system suffers from instability (as shown in the previous
section), while with a smaller setting it reacts too slowly (as shown here).
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Figure A.13: Drastic change of p.

A.4.4.3 Changing radio conditions

To analyse the speed of reaction to changing radio conditions, we consider that in a wireless network
with N = 2 stations, both of them with a normalized p = 1, one of the stations changes its
normalized to p = 4 after a time 5 - 1057. Figure shows the evolution over time of the
R; of the station whose normalized has changed, for the proposed setting of the {Kg,ar}
parameters as well as for a setting of these parameters 10 smaller. As a benchmark, the figure also
shows the optimal setting of the threshold as given by the analytical results. The results show that:
(7) with our setting of the parameters, the system reacts quickly and closely follows the benchmark,
while the reaction is much slower for a smaller setting, and (i) the steady state error with our
setting is negligible, whereas with a smaller setting of the parameters it is much larger. The latter
effect is caused by the fact that the steady error with a proportional controller increases as its
proportional gain (Kg) is reduced. Therefore, by choosing a too small value for Kr, we do not
only worsen the speed of reaction of the system but also its steady error.

74 PU CROWD



D Document: FP7—ICT—2011—8—318115—CROWD/D 2.3
CROW Date: 30,/04/2015 Diss. level: PU
Status: Submitted to EC  Version: 1.0

A.5 The [SOLOR mechanism for opportunistic packet relay with
Direct

In this appendix we detail how a [SOLORInode operates. The [SOLORI mechanism is based on the

availability of WikFi Direct for [D2D] communications, and it has been presented in Section In
that section, we have introduced the basic properties and operation of SOLORI] This operation is

summarised in Figure [A-T4] Next we provide a description of SOLOR] as a [M[AC] protocol.
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algorithm conf.
Collect data
100ms
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Figure A.14: Operation of a [SOLORI node.
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A.5.1 Protocol overview

When powered on, a node multicasts its presence to the rest of nodes (if any),
following the communication scheme detailed below. Then, to estimate the topology of the network,
it continuously snoops the transmissions from all nodes (legacy and [SOLOR]I), and collects the
used by each node to transmit and the estimated using an exponentially weighted moving
average to filter out small fluctuations. Following [67], the information serves to estimate
the a node will use when transmitting to the node, which completes the estimation
mechanism of the network conditions.

Based on the above mechanism, a node compares the network conditions vs. the in-
formation utilised in the last re-configuration. In case conditions change (or when it is the first
time the node is powered on), it multicasts a re-configuration message, which is extended by the
other nodes as they forward it with additional information (as described next). The re-
configuration is triggered with a net_reconf_req message containing: (7) ID, (i7) the
estimated network conditions (i.e., estimated between each pair of nodes known), (iii) the
operation parameters (« values), both from the node and clients, based on a default set
of parameters or an estimation of the type of device (e.g., based on their [MAC] addresses, or the
“Device Type” attribute of the Wi-Fi Protected Setup), (iv) its per-station power consumption
figures (piz/re/ia/s) and those of the legacy clients it can hear (again, using a pre-defined set of
parameters, or after an estimation), (v) the channel list where the relay can operate, and (vi) the
timestamp when the re-configuration is issued.

A node that receives a new net_reconf_req, updates its local database, updates the
net_reconf_req by adding its local data, and multicasts this updated message with its own[SOLORI
ID. This simple controlled flooding protocol allows the nodes to have a global view of the
scenario, i.e., each relay knows the for all potential links, and the individual preferences and
per-state power consumption figures of the nodes (v, p,, pt., pﬁ & pL), to run the algorithm with
the same shared information. relays record the timestamp of the initial re-configuration
message, but do not immediately initiate the computation of the optimal configuration; instead,
they wait 717 seconds with no new messages to trigger the computation. This configuration is
committed T> seconds after the timestamp, which guarantees synchronisation between
nodes. Note that 75 has to be longer than the time it takes for the re-configuration message to
reach all relays, plus the time to compute the optimal configuration.

A.5.2 Communication between [SOLOR] nodes

The operation of relies on a mechanism to reliably deliver messages across all relays. To
this aim, in our experiments we leverage the default multicast operation, as we found that it results
extremely reliable due to the use of a robust (i.e., 100% delivery rate). Still, for harsher
network conditions, we could easily extend with one of the mechanisms from the Group
Addressed Transmission Service described in the recent 802.11aa standard, which specifies more
reliable multicast services, as there is an implementation readily available [68].

The direct communication between nodes, when one is acting as a parent for the other,
results immediate, as they share the same schedules and therefore the transmitter knows when the
intended destination can receive the data. However, when nodes communicate through the
(legacy) [AP] they need to be associated with the [AP]long enough, so the multicast transmission is
successfully forwarded from one node to the other. To this aim, we fix a minimum amount
of time that all clients have to be simultaneously connected to their parent, i.e., Fc‘t”n = 10 ms
Vn € §, and schedule multicast messages at the beginning of this time fraction.
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Figure A.15: Relay schedules computation for a 2-hops topology.

A.5.3 Computing a feasible schedule

To find a feasible schedule for the optimal configuration, we start with the relays one hop away
from the [AP] and then move one hop at a time (the schedule of the relays at the same number of
hops from the [AP] can be computed in any order). For each relay s € S, we impose a deterministic
ordering of the sets in W*, based on the size of the set (note that W* does not include the empty
set) and using the smallest node identifier (its address) as a tiebreaker. We use this ordering
of WY to arrange the fractions FB, VY € WY, which specifies the time periods when the children of
the [AP] have to contend for access. Next, for each relay s one hop from the [AP] we determine the
rest of its schedule by splitting the time that s is not sending to the [APlinto the time fractions F,
ordered after the set W® as well. The time left at the end of the schedule is the fraction of time
the relay spends in sleep mode. Following this methodology, we find a feasible schedule that fulfils
the requirements of the solution to the optimisation problem. Figure illustrates the above
schedule computation for a scenario with five relays (R1-5) and two legacy clients (C1-2) with a
2-hops topology.

A.5.4 Applying the new configuration

Once the optimal configuration is found, the links between nodes must be configured. To force
legacy nodes to disassociate from the [AP] and associate to the relay, we use a simple scheme
based on the behaviour of most wireless network managers, which consists on the relay forging a
disassociation message as if it were sent from the [AP] thus forcing the legacy node to re-scan the
network to look for the best[AP]announcing the same Service Set ID (SSID]) to associate with. This
[AP] should be the relay node, as it supports the use of better and therefore has better link
quality. For simplicity, in our experiments the client obtains a new Internet Protocol ([P address
after the re-association, but this could be prevented if the relay sends a “gratuitous [ARPI’
to the [AP] [69].

Finally, we need to ensure that legacy nodes go to sleep or, at least, do not transmit while the
relay is not available (either sleeping or sending data to its parent). For simplicity, we use the
Notice of Absence (Nodl) protocol [70], specified for [WiF] Direct and already present in many
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current devices (e.g. Android phones), which allows the relay node to send a unicast packet to
its attached clients with the relay’s sleep schedule. We confirmed that other schemes also work,
e.g., sending null data frames with the Network Allocation Vector set to the time the [AP]is not
available, which enables the node to sleep for that period of time (we confirmed that old network
interfaces overhearing all traffic do not go to sleep, but do not transmit neither).
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A.6 [CPS| characterisation of WiFi [D2D] inband and optimisation

In this appendix we provide more details on the [CPStbased characterisation of [WiFil[D2D] inband
mechanisms presented in Section A basic introduction to [CPS modelling has been presented

in Appendix

A.6.1 Analysis of ad hoc wireless networks

Here we present an analytical method for the analysis of ad hoc networks under non saturation.
First we introduce the coupled processor model, by which we capture the coupling in performance
which characterises ad hoc networks. Then we present our main results, based on a worst case
approach to coupled processors systems. Finally, we describe a practical method for deriving
performance bounds, based on an approximation technique which adapts to the characteristics of
the system under study and of the specific performance problem to solve.

A.6.1.1 The underlying [CPS| model for ad hoc wireless networks

A crucial aspect of performance analysis in an ad hoc network is to being able to capture the effect
of traffic of a given user on the performance experimented by other users. In what follows, we
address this issue by modelling these interaction by means of a coupled processors model [25]. A
[CPSlis a set of parallel queues (i.e., queues which do not exchange traffic among them) served by
work conserving schedulers, and whose service rates at any time ¢ is completely determined by the
set of active queues at that time. We define as the state of the system at a given time ¢ the array
I(t) = (L1(t), I2(t), ..., In(t)) where for each node i, I;(t) is a binary variable which is equal to 0 if
the queue at the i—th node is empty at time ¢, and 1 otherwise. Then at time t the service rate of
the i-th queue in I(¢) is R;(t) = R;(I(t)), i.e., it is only function of the state of the system at time
t.

In what follows, we model our N-node ad hoc network as a N-queue [CPS] with one queue per
transmitter. In such system, the coupling is in users transmission rates. Such coupling arises
from sharing the same transmission medium, and is mediated by the Carrier Sense Multiple Access
(CSMA])/Collision Avoidance (CAl) algorithm. The state I(¢) of such is given by the set of
active ad hoc transmitters at time ¢. In modelling our ad hoc network as a [CPS|, we assume that
for each ad hoc transmitter i at time ¢, the service rate R;(t) is completely determined by the
state of the system. For each state of the system, we characterise the underlying through the
saturation throughput of the subset of active nodes, derived in [30]. That is, Vt > 0, if I(¢) is the
set of active transmitters at time ¢, the instantaneous service rate at the i-th active transmitter is
given by:

PP, E(P)
(1 - Ptr)6 + PtrPsTs + Ptr(l - Ps)Tc'

Ri(t) = (A.18)
Here, T is the average time the channel is sensed busy because of a successful transmission. T, the
average time the channel is sensed busy by each station during a collision; P; is the probability that
a transmission occurring on the channel is successful, which is given by the probability that exactly
one station transmits on the channel, conditioned on the fact that at least one station transmits.
P, is the probability that there is at least one transmission in the considered slot time. E(P) is
the average packet payload size, and ¢ is the duration of an empty slot time. All these parameters
can be computed directly from the parameters of the [CSMA|[CA| protocol, and they refer to the
particular set of active transmitters I(¢). For the expressions of each parameter, please refer to [30].

Indeed, in an ad hoc network the instantaneous service rate is determined by the [CSMAJICA]
algorithm, and for a same system state (set of active queues) it generally varies over time. Therefore,
as it is common in the study of such systems [30], in adopting a model for such ad hoc
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network we are assuming that those system dynamics due to the [CSMAJICA] mechanisms take
place on a smaller time scale than traffic dynamics (more specifically, the events of queues getting
empty or full), so that they can be adequately modeled through their average effect on the system.
Furthermore, while the ad hoc transmissions are scheduled sequentially, via contention, and the
change of system state can happen only when a new host is scheduled, we assume the equivalent
model works at the “fluid” limit, i.e., each queue serves its traffic as it were infinitely divisible,
and it can change state at any time ¢. In Section we assess the validity of such assumption,
showing numerically that these approximations model accurately the performance of our ad hoc
network. The analysis of the presented underlying for ad hoc transmissions is presented in

Appendix [A2]

A.6.2 Derivation of the optimal operating point
A.6.2.1 Problem Formulation

As already discussed, choosing the leaky bucket parameters of traffic sources in our networks allows
tuning the operating point of the system, possibly in order to maximise some utility function. For
instance, in order to guarantee that some form of fairness is maximised. In the present work, the
utility function that we choose to optimise is a weighted fairness function, which is one possible
way of balancing some notion of fairness among users with, for instance, different classes of service.

Its expression is:
N
Pi
U= w;log <> , (A.19)
; ' pO

where pg is the minimum bit rate for an acceptable performance for the application. The feasible
set of leaky bucket rates over which to optimise such utility is given by the set of inequalities in

Theorem [4] in Appendix as they define the set of rates for which the ad hoc network is able to
serve the traffic load with a finite maximum packet delay and backlog at each node.

The feasible operating points which maximise the weighted fairness are therefore the solutions of
the following optimisation problem, computed over the set of auxiliary networks and of fresh traffic
leaky bucket rates:

N
.. Pn; \ .
maximise w; log ;
p>0neN 4 ] L0
1=

subject to:

Vo, Vj=1,....N, (A.20)

Jj—1 RUP _ RP—up
. U, sat n; — tin; U,
pny +min | Ry — Rat NS | < R,

p=1
where the constraints derive from Theorem [l A is the set of the N! possible permutations of the
labels of ad hoc users (i.e., queues).
Solving this problem is challenging for two main reasons: (i) the presence of the min function in the
constraints, which leads to a non-convex feasibility region; and (iz) the complexity of the problem,
which scales factorially with V.

A.6.2.2 Heuristic Approach

In order to practically solve the above problem, we propose a heuristic approach that consists of
two parts.
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The first part aims at reducing the problem to a tractable problem that can be solved with
standard tools. Specifically, since the presence of the min function in the constraints of the above
problem leads to a non-convex feasibility region, we use the so called big-M transformation [59].
In such way, the two terms of the min in are not active at the same time. Instead of that
constraint, the method builds two constraints in which we add a binary variable multiplying a
large constant value M. Whenever the binary variable is equal to one, the large constant makes
the constraint useless because all the feasible sets of leaky bucket rates satisfy it, while when the
binary variable is zero the constraint is active. By choosing a value for the binary variables we
select a part of the feasibility region.

The problem obtained in this way belongs to the mixed-binary programming family. We solve
it by means of the branch-and-bound method [60]. For each n, we stop the branch-and-bound
evaluation when the intermediate solution is at most at € away from the optimum. Tuning € allows
achieving different tradeoffs between computational cost and optimality of the solution.

The second part of our heuristic aims at reducing the number of auxiliary networks over which to
search for the optimum. It is based on running a set of greedy searches from a set of starting points,
each of which has been derived as follows. To each node j = 1,..., N of the [CPS] we associate the
quantity w% Then, starting from the first stage of the auxiliary network, we assign a node of
the CPS to each stage with a probability proportional to this quantity. The idea underlying such
algorithm for the choice of the starting points is that nodes with higher weights w; in the utility
function need to be modeled more accurately than the others. This is achieved by assigning those
nodes to the last stages of the auxiliary network. Indeed, due to the structure of the auxiliary
network, the lower the stage a node belongs to, the larger the set of nodes whose coupling with
the considered one is modeled through accurate rescaled traffic rather than via a conservative
penalty on the service rate, holding for any time ¢, and therefore independent on traffic patterns
at interfering nodes.

We describe now the elementary step of the search. From a network n, we consider the set of
N — 1 networks obtained by a swap of two contiguous nodes in n. If the log utility value of n
is lower than the max log utility among all these N — 1 networks, the network with the highest
log-utility value among all the N — 1 is selected. Otherwise, the search stops. The largest of all
local maxima computed from all starting points is the final output of our heuristic. By changing
the number of starting points we can achieve different trade-offs between computational cost and
optimality of the solution.

A.6.3 Numerical Evaluation

In this section we evaluate the fitting of the proposed model for a WiFi network. In particular,
we evaluate the impact of assuming the saturation throughputs in as the service rates of the
equivalent model. The parameters used in the considered scenarios are presented in Table
We have chosen the 802.11 b/g standard for WiFi communications. The values of the parameters
are derived from [71].

A.6.3.1 [CPS| Model Validation

In this section, we evaluate the fitting of the model for 802.11 communications. In particular,
for different scenarios, we pick at random a stable set of arrival rates for the transmitters. Such
decision ensures that the set of active transmitters present in the wireless scenario, i.e., the system
state changes over time. Then, for each system state and for each transmitter, we evaluate the
difference among the average throughput achieved during simulations and the service rate used in
the model, i.e., (A.18). Figure presents the probability density function of the differences
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Table A.8: Setup of the Wireless Scenario

Available Channel Speeds (Mbit/s) || 1;2;5.5;6;9;11;12
18;24;36;48;54
CWmin 16
Backoff stages 5
Preamble + PHY header(us) 20
SIFS (ps) 16
ACK Time (us) 24
DIFS (us) 34
Slot time (ps) 9
MAC header(bits) 224
Chunk size (bits) 15000
0.5
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(a) 3 Nodes. (b) 7 Nodes.

Figure A.16: Probability density function, difference Simulations vs. [CPS service rates.

for scenarios having 3 and 7 nodes. Similar results have been obtained also for different set-ups of
the wireless scenario.

In both cases, the service rates used in the modelling are close to the ones computed during
simulations. In particular, in the 99.73% and the 97.26% of the cases, respectively, the absolute
value of the difference among the service rates computed as in and the corresponding ones
achieved through simulations is less than the 10% of the ones achieved through simulations. Even
if the system assumes a given state just for a short interval of time, i.e., even if the subset of active
transmitters does not change just for a limited period, the above result shows that the saturation
throughput is reached fairly soon in almost all the cases. Therefore, we consider as negligible
the impact of the approximations introduced during the modelling of the system as a
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A.6.3.2 Proportional Fairness Optimisation Results

In this section we evaluate the results achieved through the optimisation problem in a large
set of scenarios. In each setting, we solve (A.20]) exploiting our heuristic, computing for a given
number of users the set of leaky bucket rates which maximise the log-utility function.

In the following, the weights w; of the utility function, defined in Section are uniformly
distributed in [0, 1]. Instead of considering a specific propagation model, and modelling its impact
on the achievable channel speeds, for each user we assigned channel speed randomly, assuming
speeds to be uniformly distributed among the set of available rates in Table We have set the
parameter € for the branch-and-bound algorithm to 5%. Furthermore, for a given number of users
N, we considered a number of starting points for the heuristic, i.e., a number of upper bounding
networks, which scales with N. Indeed, as N grows, it increases also the solution space, as well
as it does the space of possible values of the weights of the utility function, and of the channel
rates. Empirically, and for the number of users considered in our evaluations, we have found that
scaling the number of starting points as {%] brought acceptable results in terms of output of the
optimisation and of computational complexity.

Overall, for each value of N we considered a total number of instances of our setting (i.e., a
particular choice of starting points, set of weights and set of channel rates) sufficient to get a 95%
confidence interval within the 15% of the value of the average utility U achieved. In any case, we
never used less than 100 instances.

A first objective of our numerical evaluation has been to assess the performance of the proposed
heuristic, which has been introduced as a computationally feasible approach to the problem of
maximising the (weighted) proportional fairness in the allocation of leaky bucket rates among ad
hoc users. More specifically, we have tried to give an idea of how far are, on average, the solutions
of our heuristic from the optimal values, in order to evaluate the impact of the approximations on
which the heuristic is based.

To this end, for scenarios with a small number of nodes (for which an exhaustive search still brings
to an acceptable computational complexity), we have compared the average log-utility derived
through our heuristic with the one derived through exhaustive search over all the possible upper
bounding networks and choosing a € = 0%. From Table we observe that, in the considered
scenarios, the solutions from our heuristic bring a utility which is on average very close to the
optimal values derived through exhaustive search. This suggests that the approximations on which
our heuristic is based have an overall low impact on the optimality of the operating point derived.
Log-utility and average throughput obtained through the presented simulations have been shown
in Section 2.2.3

In order to understand the feasibility of the proposed approach, we analysed the complexity of
the heuristic we propose versus the exhaustive search of Table

Table A.9: Average Log-Utility: Heuristic vs. Exhaustive Search

Opt. technique || 3 Nodes | 4 Nodes | 5 Nodes | 6 Nodes
Ex. Search 3.4690 3.0688 2.8034 2.3933
Heuristic 3.4690 3.0590 2.7879 2.3630
Difference 0 -0.32% | -0.55% | -1.27%
Max Difference 0 -6.56% | -10.64% | -15.88%
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Table A.10: Complexity of the Heuristic

Average Number Maximum Number
Network - Heuristic Network (N!)
3 Nodes 6 6
4 Nodes 17.15 24
5 Nodes 41.04 120
6 Nodes 59.22 720
11 Nodes 409.05 39.9 106
Av. Per-Network Av. Per-Network
branches - Heu. branches - Exhaustive Sear.
3 Nodes 4 4
4 Nodes 6.49 8.32
5 Nodes 9.47 12.87
6 Nodes 11.89 17.80
11 Nodes 29.11 -

In Table we present first the average number of networks the two methods analyse in order
to get the final log-utility of the system. In case of the heuristic, we count the total number of
upper bounding networks analysed, considering all the [%W starting points. We also present the
number of optimisations problems which the branch-and-bound method solves for each network.
It can be easily proven that, in the worst case, the number of branches visited by the branch-and-
bound for N nodes is Zfi _11 2N=i  Results are shown up to the point at which the comparison is
computationally feasible (6 nodes), and for the largest scenario we analysed through our heuristic
(11 nodes).

We can see how the heuristic requires a considerably inferior number of evaluations (both in
terms of upper bounding networks, both in terms of branches), with a very limited impact on
the optimality of the value of the log-utility derived (as seen in Table [A.9). Please note that the
different starting points of the heuristic are completely independent from each other. Therefore,
the computational time can be reduced sensibly if the heuristic is evaluated in parallel.

84 PU CROWD



D Document:  FP7-ICT-2011-8-318115-CROWD/D 2.3
CROW Date: 30/04/2015 Diss. level: PU

Status: Submitted to EC  Version: 1.0

Table A.11: Dependence of Results on € and on Number of Starting Points (SP) heuristic

4 Nodes | 7 Nodes
U, e=5%, SP =[] —0.64% | —0.92%
U,e=0%, SP=[%] +0.02% | +0.47%
U, e=10%, SP =[] —-0.02% | 0%
U,e=5% SP=N +0.24% | 0.74%
Weight. Av. Th., e =5%, SP = [§] || —1.99% | —5.54%
Weight. Av. Th., e = 0%, SP = [§] | +0.11% | +0.44%
Weight. Av. Th., e = 10%, SP = [§] || —0.08% | 0%
Weight. Av. Th., e = 5%, SP = N +1.10% | +3.78%

Finally we evaluate how the results change varying the number of starting points and the value of

€. Also here, we evaluate all the scenarios shown antecedently when 4 and 7 nodes were present in
the network. The results presented in Table use the setting having € = 5% and [%1 starting
points as a benchmark.
Even though the utility U remains almost the same in every configuration of the heuristic, the
weighted average throughput changes sensibly. The most affecting parameter of the heuristic is
clearly the number of starting points used. Increasing the number of starting points indeed, U
and the weighted throughput increases accordingly. Unfortunately, the number of upper bounding
networks increases 67.24% and 106.10%, respectively, leading to a computationally expensive reso-
lution of the proposed optimisation. On the other hand, considering as acceptable the complexity
of the proposed heuristic, reducing the number of starting points results in an unnecessary lost in
performance, that can become tricky when the number of nodes increases. The same reasoning
applies when we evaluate the choice of e: sometimes the difference of performance is too small to
justify the decreasing of the value of e. For instance, the reduction of branches analysed when
€ = 10% is of at most the 20.03%, while the accuracy of performance estimates remains similar.
The presented heuristic represents, therefore, a good trade-off among complexity and performance.
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A.7 Optimisation of [[TE//LTE-Al networks with macro and small cells

In this appendix we provide the reader with details on the analysis of the problem and the formal
problem statement for the [HefNefl optimisation presented in Section [2.3.1

A.7.1 Problem statement

We consider a [HetNef] which consists of macro and small cells. Denote M as the set of macro cells,
S the set of small cells, and K = M U S the set of all the cells in the Let Nj be the set
of forming the neighbouring an [eNBl k£ € K. The value from [eNBl 7 to [eNB] j is denoted
by CIO; ;. Each base station has T sub-frames in the time domain and F [RBb in the frequency
domain. The duration of time sub-frames is equal and the bandwidth of all [RBk is also a constant.
A physical resource block PRB; 5 is denoted by its time sub-frame index ¢ and [RBl index f, and
we denote B =T x F as the total number of [PRBk available at each [eNBl where ¢t € T and f € F.

Consider that the sub-frames and [RBk of base stations are synchronized. Let the binary variable
v t,r specify the time and frequency pattern of each cell k. It indicates whether cell k is allowed
to use PRB; y or not. Each cell can allocate power in a plurality of discrete quanta A > 0. We
denote by Py, the amount of power allocated by cell k for PRB; ;. All cells operate under this
constraint, Vk € K, Vi € T, we have

Z Ppt,f < Prmax
feF

where Py max is the maximum total transmitting power for cell .
Denote Uy as the set of users who are associated with [eNDB] &, where U, C U. Let the binary
variable ¢, j, indicate whether user u is in Uj. Each user can be served by only one cell, i.e.,

Z Qur = 1,Yu € U.
keK

Each user has a throughput utility function. The problem to solve can be expressed as follows.
Given a network state s, which has three elements: the [CIOl time and frequency pattern, and
transmit power of each [eNB] we look for the optimal values of those parameters so as to maximise
a utility function Ut(s):

Ut(s) = Y _ Uty(s)

keK

where Uty is the utility of the eNBI .
Using a Proportional Fairness (PE]) approach, this utility can be expressed as follows:

Ut = Y log (r)

ueUy

where r, is the throughput of the user u attached to eNodeB k.
As indicated by the Shannon-Hartley capacity, we choose the logarithmic function given by

ru = C(SINRy(s)) = cology(1 + SINRy(s))

where ¢g is the bandwidth of the channel in Hz. The SINR of user u when served by cell k on
PRB; ¢, is equal to

Okt f Pit fGu kot f
N+ D ik Vit Pt f Gt f

with 7 representing the thermal noise, G, the link gain from cell k to user u on [PRBI (¢, f).

SINRy s s =
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We now formulate the downlink resource allocation problem where the best way of allocating
[PRBEk is to be determined subject to the different parameters of the [eNBk: value, time and
frequency pattern, and transmit power level. Let the binary variable x, .  indicate whether
PRB; s is allocated to user u by its serving station or not, with the constraint

f=F
Z Z Tkt f < F,Vi.

uelUy f=1

The total throughput received by user u is given by:

r’ll, = Z qu,k Z Z xu7k7t7fru7k7t7f

keK 1<t<T 1< f<F

= Z Qu.k Z Z Tu ko t,1€0 1082 (1 + SIN Ry gt f).-

keK 1<t<T 1<f<F

To summarize, our goal is to maximise the sum of logarithm of throughput utility of the users
with the following decision variables in the scheduling and assignment problem:

e The assignment of users to cells is represented by the variables g, ;

e The time and frequency pattern v, to indicate whether the cell can transmit or not;

e The power control Py, ; defines the power to be used by each cell on each [PRB}

e The allocation of resource block to users within each cell is specified by the variable 4 f.

We want to solve the following optimisation problem:

Maximise Z Z log (14,)

kEK uely

subject to

Okt f Piot, 1 Gu ket
Ty = Z Qu,k Z Z xu’k7t7fco 10g2 (1 —+ f fYUu f ) ,

Z Qu,k = 1,V’U, € Uka
keK

Z Pk,t,f < Pk,maxv
feF

f=F
D wupas < FVE

uely f=1

A.7.2 Proposed generic framework

An approach based on game theory has been proposed to determine the optimal configuration in
iterative approach and enabling distributed scheme for both 3G [36] and 4G [42]. Each [UE]reports
to its serving [eNBJlong-term statistics (such as wideband [CQJ|, Peak Signal to Noise Ratio (PSNRI))
relative to the neighbour’s[eNBk. These statistics are then explicitly shared between the serving[eNBl
and its neighbours so that each[eNBlcan make, iteratively, decision that is not purely selfish but also
considers the impact to its neighbours. The iterations consist in the successive selection of various
[eNBk. Once an [eNBJ has been selected, a sampling (testing various options of and [ABSE)) is
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performed and one sample is selected (the best is selected either deterministically or probabilistically
for example with respect to Gibbs distribution). After a number of iterations, utility function
converges to a value. Depending on the selection method, this value can be guaranteed to be
a local or global optimum. The framework proposed by the game theory is robust enough for
the exploration needs. Recent paper shows that many enhancements are still possible for further
advancement [39].

In game theory, the best response is the strategy which produces the most favorable outcome for
a player, taking other players’ strategies as given [72]. The concept of a best response is central
to John Nash’s well-known result, the Nash equilibrium, the point at which each player in a game
has selected the best response to the other players’ strategies [73]. To our optimisation problem,
the idea is as follows:

e Starting with any arbitrary initialization;

e At each internal algorithm iteration, joint parameters are chosen that maximise utility func-
tion;

e Afterward, the system converges to a Nash equilibrium that could be a local optimal solution
of the network utility.

While several algorithms are efficient, some algorithms can drive the system to a state of strict op-
timal solution by proper probabilistic relaxation [74]. Note that this approach can be implemented
in a distributed fashion, however in practice it may be useful to support also more centralized
architecture: distributed implementations require modification of the eNodeB code and also some
exchange between the to converge to global optimum. To adapt to these practical constraints,
we propose a more pragmatic framework that is a tradeoff between complexity and performance
and also for today’s [CCRAN/IV-RANE a centralized coordinator using the best response.

In order to adapt this generic theoretical approach described in [39] to the particular case of
[eICIC] deployment context, we use a specific framework that fits with the limitations of existing
[CTE cellular networks:

e Limited CPU capacity on [eNB}

Limited exchange capacity between the [eNDBk;

Precise state knowledge known locally by each [eNDB}

Introduction of a central entity in charge of performing the optimisation and called the “co-
ordinator”;

e Support of re-centralization of the optimisation computation.

In this model, the computation of the optimal [CIO] and [ABSE] values can be left to a central
entity called the coordinator. In this case, the coordinator will perform the following Step 1 to 3:

e Step 1: Collect statistics from all eNBbk (macro and metros), those statistics being collected
from all the [UEl reports and processed by the [eNBL for instance these statistics can be RSRP
measurements from a group of [UEk to a list of neighbouring (interfering) sectors. The key
point is that the [UEk can be grouped in groups (pools) having similar radio propagation,
hence enabling lower data exchange between the local and the central coordinator. We
call this step the “{UE] grouping” and various examples of groupings are presented in the
following Figure This approach leverages the “local” knowledge since the [eNB] is
the best point to qualify the users. At the central coordinator, this collection constitutes a
database that reflects the state of the network. This Step 1 is therefore called the “collection
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step”. This 2-tiered approach is to enable a good balance between the local knowledge of
the (that is precise and real time but limited in scope to its attached [UEK) and the
global knowledge of the coordinator (that has access only to long-term statistics which are
averaged in both time dimension and spatial dimension by the notion of [UE] grouping but in

a system-wide scope).

e Step 2: Work on the database localized in the coordinator, the latter derives the best pa-
rameter values for [CIOk and [ABSEH| patterns using iterative algorithms; this step is therefore

called the “optimisation step”.

e Step 3: After the optimisation is done, the coordinator will send back to every the
optimised values. Each [eNB] will “execute” the selected parameters. This step is called the

“execution step”.

« Example of one ueGroup that
indudes all the UE that are served by
one LteCell, ¥ LteCell, = macroSet 7
ue = LteCell, ue_group{ues)=1. For
illustration purpose only.

Maoo 3

[= Example of bwo ueGroups i.e. the
one includes the cell-edge UEs and
the other the cell-center UEs as
identified by UE measurements of
SINR{ABS) and SINR{non[&BS))

A Tt Sige pmsoup

|* Neighbouring Cell uveGroup: =ach
ueGroup| LieCellj, k) includes the call-edage
LE that reported with eventt3-cellEdge
the kth neighboiring call of LteCHl asthe
most interfering neighbour. &n-additional
group made of the cell-center UE that did
not report eventd3-celEdoge

‘ D Conder Grog

» Singletons i.e. 3s many groups as
users so that 7k the cardinality of
ueGroup(LteCell, k) equals 1. For
illustration purpose only.

Figure A.17: Examples of various [UE] grouping policies

In the general case, the sampling may be partially distributed or centralized. In this case, a
computing element function C' is defined such that C(c) gives the address of the element in charge
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Figure A.18: Interaction between coordinator clusterization and neighbourhood patterns

of performing the sampling of cell c. Let us revisit the possible options:
e In the centralized case, C'(c) = coordinator whatever c is.
e In a partially centralized case, C'(m) = M (m) for all metro m belonging to its macro M (m).
e In the fully distributed case, C(c) = ¢, Ve.

In the case of distributed operation, whenever a cell cl is selected, one has to check if there
exists in the neighbourhood of cell ¢l another cell ¢2 such that C'(¢2) # C(cl). If this is the case,
C(cl) must give to C(c2) the new parameters selected at the end of the iteration. Otherwise,
there is no exchange needed. Therefore, a trade-off of the cluster size between the computing
load on the cluster computing element and the level of message exchange between two iterations
is required, as depicted in Figure Specifically, in the example shown in Figure we can
see that whenever the Metro 1.2 gets updated during an iteration, its coordinator C1 must send
its new parameters to the coordinator C2. Similarly, whenever the Macro 2 gets updated during
an iteration, the coordinator C2 must send its new parameters to the coordinator C1. But no
exchange has to occur for all other cells. The algorithm in the simpler case of the fully centralised
and best response approach is represented in Figure which is organised as follows:

e At each iteration we pick up randomly a sector;

e Depending on the sector type (macro/metro), the parameters that can be sampled are: for
macro sector [CIOk and [ABSF pattern can be modified whereas for metro sectors only the
[CIOIl can be modified;

e A sampling is performed on the admissible range of the variables; note that some sampling
combinations may be discarded for various reasons (e.g. race condition detection, power
limitations) therefore limiting the “sample space”;
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Figure A.19: Algorithm overview

e For each sampled case where the [CIOl has changed, we perform a “virtual handover” by
calling the ueGroupAttach function. This functions tests if the user group has to support a
handover to a neighbouring sector due to the change in the [CIOL

e If some handovers have occurred and/or some [ABSH| ratios have changed, we perform the
“virtual scheduling” via the ueGroupScheduling function call. This function renders the
scheduling performed by each [eNBJ (the one being sampled plus the neighbouring ones) in
order to get an idea of the resulting bit rate. Several optimisation criteria options are available
such as proportional fairness, absolute fairness, sum rate maximisation, etc. In order to keep
low complexity, we need to schedule only a limited number of (the group constituted
of the sampled and its neighbours). Defining the cluster size of the virtually scheduled [eNBk
is matter of research.
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Figure A.20: [CTE system level simulator

A.7.2.1 Simulation

For assessing the performance of the proposed optimisation scheme for [HetNetlk, we have used a
simulation-based approach. In particular, we have used a MATLAB-based [LTEFcompliant simu-
lator developped by the TU Wien’s Institute of Telecommunications [43]. Figure presents
a scheme of the simulator, whereas Table presents the main simulation parameters used for
producing the results previously shown in Section [2:3.1}

Table A.12: Simulation environment for the assessment of optimisation techniques for [HetNetk

Simulation parameters

Wavetorm

10MHz LTE rel8 SISO

Propagation

TS 36.942 recommended pathloss mod-
els + shadow fading

Macro cell placement

Hexagonal 1 ring. ISD 500m

Macro cell antenna

Kathrein

Small cell placement

Al fixed location(s) 0.5 ISD 30 SC

Small cell antennas

omnidirectional

Cell load

25 UEs per macro sector. 525 UEs in
total

UE speed

fixed

Measurement error modeling

No error

Trafhc

Full bulfer model

Optimization sampling

1O e {0:10}: ABSratio €
{0, 20,30, 40}
Only 1 iteration per macro sector
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A.8 [D2D| mode selection

In this appendix we provide the reader with details on the design of the [D2D| mode selection
optimisation strategies that we have discussed in Section

A.8.1 [D2D] modes

There have been extensive research efforts in both academia and industry to explore tech-
niques [21]. communications have been considered for a large variety of use-cases such as
multicasting [45], cellular offloading [75], mobile relaying [76], load balancing [77], and video stream-
ing [78]. These studies indicate the potential outstanding gain of communications in cellular
networks. Indeed, the high performance gain motivated leading telecommunication companies such
as Qualcomm to perform experimental studies on this paradigm using early stage prototypes [26].
Standardization bodies such as have also joined this front by considering communica-
tions as a public safety feature in the next release of [LTE-Al [48]. These efforts from academia,
industry, and standardization bodies confirm that the society regards communications as a
crucial feature for next generation networks. Nevertheless, there is still no concrete agreement
on [D2D] operational details such as which medium access control to adopt, or which spectrum
allocation schemes, connection setup, and resource management protocols are to be implemented.
Initial proposals for communications aimed at re-using the same resources that are used for
conventional cellular communications (i.e., inband underlay [D2D] mode) [47]. The significance of
the gain had led to proposals in which a part of the cellular resources is dedicated only to
communications (i.e., inband overlay [D2Dl mode). Finally, the scarcity and the high price of
cellular spectrum motivated some researchers to explore communications over the unlicensed
band (i.e., outband [D2D] mode). These modes are schematically illustrated in Figure

/\[ Underlay ][ Overlay ][ Outband ]

Unlicensed
band

D2D Cellular Cellular el L“l’)ensed
D2D and

Figure A.21: Schematic representation of overlay inband, underlay inband, and outband [D2D] for
cellular scenarios.

Frequency

The majority of the existing studies on communications select one of the aforementioned
modes, then propose a method for resource allocation/interference management in order to handle
the resulting complications, and finally illustrate the achievable performance improvement [79, [76,
47, [45] [75]. However, single mode significantly limits the system performance to the interfer-
ence profile of the network. Existing multi-mode systems [80), 81] only focus on inband
modes, i.e., fully dependent on cellular spectrum. Other proposals focus on joint scheduling and
mode selection [80), 8], although they are extremely complex (more complex than scheduling, which
is already proven to be NP-hard for cellular systems such as[[LTE] [49]) and introduce unnecessarily
frequent mode selection decisions.

Interestingly, while some researchers limit communications to cellular spectrum, the stan-
dards have a more liberal view of In fact, BGPP] defines as “the communication between
two users in proximity using a direct link between the devices without traversing the [eNBI(s) or
the core network” [48]. We also remark that network-assisted outband is accounted for in
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Proximity-based (Prose) services [82]. Although both inband and outband are con-
sidered valid options for Prose services, there is no indication on how to select between the two.
Hence, given the fast-track emergence of communications in cellular networks, the need for
an adaptive mode selection scheme is beyond question.

Here, we propose a flexible framework to adaptively select mode or operating band and
technology, which we name Floating Band In particular, we first discuss the practical impli-
cations of each mode based on the latest standard releases of [LTE-Al and [WiFilDirect. This
discussion clarifies that there is no superior [D2D mode and the potential of each mode is highly
scenario/use-case dependent. After discussing practical implementation issues of [D2Dlenabled net-
works, we provide analytical insights into the mode selection problem in an innovative multi-mode
multi-band setup, which accounts for both achieved throughput and energy costs. We call such a
novel approach Floating Band[D2I), because transmissions can occur on either inband or out-
band modes. The problem is formulated as a non-linear integer programming problem. Given the
NP-hardness of the problem and time-stringent requirements of future cellular networks, e.g., 5G
networks, we propose three practical heuristics with near-optimal performance and low complexity.
Finally, we evaluate the performance of the proposed heuristics in a multi-cell scenario using a
realistic setup designed based on the ITU-R guidelines for evaluating IMT-Advanced networks [83].
Our results confirm that the coexistence of modes immensely ameliorates the performance of
the system in terms of the key performance factors such as throughput and utility (up to one order
of magnitude), and near complete fairness.

A.8.2 Practical limitations

In a[D2D}lenabled network, the [eNBlrequires between each pair of users (i.e., user-to-user [CSI])
in addition to user-todeNBI[CSIlin order to perform MCS assignment and scheduling. However, the
existing cellular technologies do not have the means to obtain user-to-user CSI. Hence, we need
a mechanism to obtain and send this information to the [eND] efficiently because the addition of
user-to-user imposes high signaling overhead to the system.

measurement. In[[TEl, the eNB-to-user is estimated by active measurements from
the received signal strength. However, there is no signaling message exchange between the users.
Therefore, some researchers propose probing techniques to perform[CSIlestimation among users [80].
This approach imposes even higher signaling overhead to the system. In contrast, we propose an
adaptive passive [CSI estimation between users as explained in what follows. In [LTEl each user
has a unique ID (i.e., C-RNTI [84]) and this ID is included in the frame header. Thus, the users
can detect the ID of the source of interference at each frame. Alternatively, the user can read
C-RNTIs from the broadcasted scheduling map to identify the interfering user’s ID. The latter
does not require users to sniff and decode other users’ frame headers. The is then reported to
the eNB. The [eNBl builds an interference table, whose elements Iy, m >0 represent the interference
caused by user n to user m (Vn,me NU{N+1}). In case two users do not detect each other for
physical /timing reasons, the failure only causes an interruption on a millisecond scale. Once an
interruption occurs, the user will report it to the [eNB] which will update the interference matrix.
As for outband [D2D] each user reports the last achieved rate over [WiFil In case of an inaccurate
report due to long inactivity period, the users can send an updated report before the next mode
interval.

Signaling overhead. The maximum number of [CSI| reports in [LTE-A] (with wideband
reporting [84]) is equal to N. This number increases to N + 2|Ny||N.| + [Ng| (N — 1) in a
enabled network, where A, and N, are the sets of cellular and users, respectively. For instance,
a[D2Dlenabled network with 4 cellular and 6 users may require up to 88 reports, which is
almost 9 times higher than its equivalent in a legacy system. Fortunately, the feedbacks can be
considerably reduced using the state-of-the-art feedback reduction techniques [85]. Moreover, we
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will see in Section [A-8.5] that the [D2D] signaling overhead is negligible as compared to the resulting
gain. This overhead is further reduced by our proposal because we decouple scheduling from mode
selection, hence the [D2D] related CSIs are obtained less frequently.

A.8.3 Floating Band [D2D| Framework

In this section we describe our proposed Floating Band framework and formulate the problem
of mode selection at the beginning of each mode interval j, i.e., each T seconds. The utility function
in our problem formulation depends on throughput and energy costs, for which we provide a general
model in which specific schedulers can be plugged in. Note that, although the general model can
be used with specific schedulers to evaluate the performance of various strategies, the formulation
of the problem does not depend on the scheduler actually implemented, and is not affected by
resource allocation strategies for either cellular or connections.

Throughput and energy costs. The transmitted data Q;m( j) for a connection (n, m) in mode
i € {0,1,2} during mode interval j is formulated as follows:

0i (5) = BL o () RESS(), (A.21)

where B, ,,,(j) is the number of Resource Blocks (RBs) allocated to connection (n,m) in mode

interval j. Rﬁ{%l(j) is the number of transmitted bits per RB of connection (n,m) in mode ¢
during mode interval j, computed based on the channel gain between users n and m, and the
interference matrix I.

The energy consumption of a cellular user E27m( j) and the energy consumption of a pair
E! ,.(j) in inband mode i € {1,2} are given by:

E?L,m(]) = Bite +p%TX : th,,m (]) m=N+1, (A22)
() = 2 (Bue + BES) + 0™+ 25 £y ), (423
where B, and ;”dllil are the baseline energy consumed in a mode interval by an active cellular
interface and an idle Wik interface, respectively. The Wik interface is kept idle in inband modes
to speed up [WikF1l connection setup. Here, pi{TX and p;i;ZRX are the energy consumed for transmission
and reception in one subframe, respectively. tp; (j) is the duration of B} .(j). Here, we do not
calculate the energy per RB, because it is shown that the transmission/reception power mainly
depends on time rather than bandwidth [86].
The expression of transmitted data 6, ,(j) and the energy consumption E  (j) for connection
(n,m) under outband mode (i.e., mode 3) in mode interval j is as follows:

O (i) =T - Ry (), (A.24)

B n(3) = 2(Bute + Buctive) + (0w + 1) O (5), (A.25)

where REO! is the rate and Vi1 is the baseline [WiF] energy consumed by a user in a
3,TX 3,RX

mode interval. p;y” " and pp;  are the energy consumed by user m per transmitted /received bit.
Note that the energy consumption as defined here can incorporate both the consumption due to
transmission/reception and packet processing (see [76]). The [y is due to the dependence of
outband users to the [eNBl signaling.

We define a utility function for connection (n, m) under mode 7 in mode interval j as follows:

where « is the relative cost of energy. The utility accounts for both throughput and energy con-
sumption. The value of o determines whether the system is biased towards higher throughput or
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lower energy consumption. In our model, the impact of schedulers is summarized in B! ,, and
t Bi . . Those parameters have to be computed in each mode interval and for each posmble mode
selectlon decision.

Problem formulation. Let £(j) be the set of all existing connections during mode interval,
7, {Y,fm( j)} be the set of binary decision variables, and ~, be the tolerable interference threshold
that allows for a non-zero reception rate by user n. We formulate the problem of mode selection for
mode interval j as a binary programming problem (the dependency on j is omitted for readability):

max  Usum = Y -0 3 (nmyer Unm Yoim V(n,m) € L
st 300, Y onlmyee Yam <1 VmeN
S5 0 2ml( nm)eﬁ}ﬁim <1 VneN
S nmyer YaomIng <ve Vo € NeU{N +1}
Yicio,1) (@m)er{(nm)} Yoy Ynmlzm < Ym
| Zewerrinmy YoyYimlem < m Y(n,m)eL

(A.27)

Problem maximises the sum of utilities Ugy,, over all possible combinations of users and
modes. Our assumption on single instantaneous connectivity is enforced with the first and second
constraints (the eNB, which is labeled as N 4 1, is an exception). The third constraint ensures that
the co-channel interference from underlay users to cellular users and to the [eNBl is kept below the
threshold. The fourth constraint limits the interference from cellular and inband underlay users
to other inband underlay users. The interference of overlay transmissions is limited by the fifth
constraint.

Complexity. Problem is NP-hard and non-linear since it can be reduced to the longest
path problem (e.g., for a weighted directed and possibly disconnected graph), which is NP-hard [87].
This reduction is obtained when we consider Problem for a single mode ¢ = 3 (outband),
in which the objective is to activate pairs so as to achieve the maximum utility possible with
the two restrictions on at most one incoming and at most one outgoing transmission for every
user. Problem requires the computation of {Uﬁ’m}, which is based on Signal to Noise and
Interference Ratios (SINRs) and its optimal solution can be achieved by brute force: exploring

the consequences of assigning modes 1, 2, or 3 to any of the WTd| ID2D] pairs. Hence, the resulting

complexity is O(N - 3&2&), which grows exponentially with the number of pairs. The optimal
solution to the above maximisation problem is computationally expensive and practically unfeasible
in dense networks. However, we linearized the non-linear constraints so that the problem can be
solved relatively efficiently by standard approaches, such as Branch & Bound [8§]. The linearized
problem is omitted for brevity, but can be found in [89]. Nevertheless, we deem such an approach
impractical as the system requires a solution in milliseconds. Thereby, we propose efficient heuristics
in what follows.
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A.8.4 Heuristics

The exact solution to Problem is computationally expensive and does not allow for a fast and
scalable mode selection. Given the similarity of the problem to the longest path problem and the
knapsack problem, we propose three practical heuristics. These heuristics explore the achievable
utilities of the users in an iterative manner. Note that these utilities are computed assuming that
the system is fully utilized (i.e., users’ queues are fully backlogged) so that they do not require the
knowledge of the actual user’s offered load.

A.8.4.1 Heuristic 1. Social

The [eND] iterates over the set of transmitters Ny rx, and it selects the mode that maximises
the aggregate utility (lines 7-13 in Algorithm . Note that the mode for user ¢ is selected based
on the modes selected for the precedent users. Initially, all pairs are assigned to mode 3
(outband), to minimise the impact on cellular users. For better fairness [26], the order of users
in Nd’TX is randomized at any mode interval. The mode selection repeats until the algorithm
converges to a decision. We name this heuristic as Social because it decides based on social
welfare. Since the utility of Social cannot decrease with mode selection decisions, the heuristic
always converges. Algorithm [2] illustrates the pseudocode of this heuristic.

Algorithm 2 Social

Input:
1: Mgrx: set of transmitters (randomized order).
2: I, . interference between each pair of users.

Output: Y(Z;%m),Vn € Mirx
3: initialize: Y=Y 4 =0; }/((Z7N+1):17\V/CENC; Y(‘?Lm
4: while' Y 7'5 Yold do
5 Yold =Y

6: for n € Nd/rx do

7

8

9

):1,Vn€Nd7Tx; max = Ugym

for j € {1,2,3} do
Calculate: Usym|n is in mode j
if Usym > max then

10: max = Usym

11: Y(JW) =LY, =0ke {1,231\ {j}
12: end 1f

13: end for

14: end for

15: end while
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A.8.4.2 Heuristic 2. Greedy

The Greedy heuristic is similar to Social. Unlike Social, Greedy selects the mode which maximises
the user’s individual utility (line 10 in Algorithm . The drawback of Greedy is that it might not
converge. However, we can index each decision since the algorithm is running in the eNB. Once a
duplicate index (stored in D) is found, the algorithm stops the iteration. Algorithm |3 illustrates
the pseudocode of the heuristic.

Algorithm 3 Greedy
Input:
1. Myrx: set of transmitters (randomized order).
2: I, »: interference between each pair of users.
Output: Y(inm),Vn € Nd,Tx
3: initialize: Y = 0; Y(?:’NH) = 1,Ve € N Y(?T’lm
False,D =10
4: while exit = False do

) = 1,Vn € Narx; max; = U py; exit =

5 for i € Nd,TX do

6 for j € {1,2,3} do

7 Calcglate: U(Ji’m)\i is in mode j
8 if U(]Z}m) > max; then

9: max; = U(]i,m)

10: }/é;m) =1 }/(I:Jn) =0,k € {172)3}\{]}
11: end if

12: end for

13: end for

14: dec = Index of current Y

15: if dec € D then

16: exit = True

17: end if
18: Add dec to D
19: end while
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A.8.4.3 Heuristic 3. Ranked

Both Social and Greedy operate on a list of transmitters with a randomized order. In con-
trast, Ranked heuristic sorts this list based on the achievable utility of each user without considering
the impact of other users (PHASE 1). In PHASE 2, the pre-ordered list N g;;ked) is evaluated using
Greedy, which makes the heuristic greedier than Greedy. This helps to evaluate the ability of our

approach to withstand unfair conditions. Algorithm [4] illustrates the pseudocode of the heuristic.

Algorithm 4 Ranked
Input:
1: Mgrx: set of transmitters (randomized order).
2: I, ,: interference between each pair of users.
Output: Y(an)
3: initialize: Y = 0; Y(%,NH) =1,Ve € Ng; Y(?;L’m) =1,Yn € Ngrx

PHASE 1: Sorting pairs based on their utility

4: for 7 € Nd,TX do

5: for j € {1,2,3} do

6: Calculate U (JZ m)

7 end for '

8: mode; = argmax{U(Ji myJ € {1,2,3}}
9: end for

10: sort the Ngrx based on utilities U} zf)e" & store in Ng;;ked),

PHASE 2: Executing Greedy heuristic

11: Do Greedy with NVyrx = N(i(r%;ked).

A.8.4.4 Complexity Analysis

Our proposed heuristics compute N — [Ny x| utilities {U}. .} for each mode and for every
transmitter in a sequential manner, i.e., 3 (N|Ng x| — [NVgrx|?) utilities per round of evaluation.
In each mode interval, the evaluation cycle is repeated r; times, r; > 1, until the algorithm converges
to a decision. Therefore, the complexity of Social and Greedy is O (3r;N|Ngrx|), i € {1,2}.
Ranked has an additional sorting procedure before the mode selection in which the utility of each
pair is computed in isolation. Thus, the algorithm only needs to compute 3| Ny x| utilities in
PHASE 1, which can be neglected with respect to the number of utilities to be computed in PHASE
2. Hence, the complexity of Ranked is O (3r3N|Nyrx|). Therefore, the three proposed heuristics
have the same complexity, except for a constant factor r; that we will quantify experimentally later.

A.8.5 Evaluation

In this section, we use numerical simulations to evaluate the performance of our proposed heuristics.
The evaluation scenario consists of a hexagonal multi-cell network with a reference cell in the
middle and its first-tier neighbours (see Figure . The results reported here pertain to the
reference cell, and the neighbouring cells model the impact of inter-cell interference. Error bars
in the results are the 95% confidence intervals. Although our approach can be tested with any
scheduler, here we refer to the Proportional Fair (PF) scheme for scheduling cellular users, since
it represents the state of the art for schedulers used in real implementations [49, 50]. In addition
to our heuristics, we evaluate three benchmark schemes, namely, Forced-LTE, Forced-WiFil, and
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Optimal. In Forced-LTE, users are forced to use legacy cellular communications (i.e., mode
0). In Forced-WiFil users are forced to communicate over [Wiki (i.e., mode 3). Optimal
results are based on the exact solution to Problem . The benchmarks allow to compare our
proposals with the legacy cellular system, to measure the gain due to extra bandwidth, and
to see how far the heuristics are from the optimum.

A.8.5.1 Simulation setup

User placement follows the uniform distribution. The number of users is on average 30% of
the cell population. The simulation parameters are chosen according to the evaluation guidelines
of ITU-R [83] which are reported in Table In the simulation, we show both the packet
stmulation results (i.e., performance under finite offered load and in the presence of probabilistic
arrival processes) and the achievable performance (i.e., performance at capacity-level utilization,
under infinite offered load conditions). Unless otherwise specified, the default values for o and
overlay resource portion are those reported in Table with an aggregate and cellular load
of 30 Mbps and 90 Mbps, respectively. Since the capacity is higher than the cellular one, due
to proximity of users and availability of outband resources, we deemed fair to impose higher
load to users. Note that the default value of « is selected based on a rough estimate of the
current relative price of bit per Joule (b/J) in the market.

Besides the values of Table we investigate the impact of user density N, overlay resource
portion, relative cost of energy «, and load on the system performance. Moreover, we shed
light on the convergence time of our heuristics and their flexibility in different environments.

Table A.13: The parameters used in the evaluation

Parameter Value
Cellular

Cellular uplink bandwidth 20 MHz
Cell radius 250 m
eNB, cellular user TX power 44 dBm, 24 dBm
Thermal noise power -174 dBm/Hz
Mode interval length T' 2s
Fading, shadowing, pathloss | Reyleigh, 6 dB, UMa [83]
Buffer size 500 packets [90]
Bite 1288.04 mW

WIET]

[WiFil bandwidth 22 MHz
[WiFil effective range 150 m
WiF1l TX power 20 dBm

Wi B 132.86 mW, 77.2 mW

D2D

Underlay max bandwidth 20 MHz
Overlay resource portion 30%
[D2D] maximum distance 20 m
[D2Dlinband TX power 10 dBm
Relative cost of energy « 1 bit/Joule
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A.8.5.2 Simulation results

Wa have already discussed the analytical results on the impact of the number of users in Sec-
tion specifically in Figures to In what follows we discuss anlysis-based and
simulation-based results that show the impact of more system parameters on the performance of
mode selection algorithms.

Impact of the number of users N. In Figures to we can observe the accuracy of
our mode selection and its performance using packet simulation. Figure shows that cellular
users have comparable throughput performance under all schemes due to PF scheduling. If the
data rate of a cellular user degrades due to co-channel interference, the PF compensates for it by
allocating more resources to that user. In Figure it is observed that the fairness among
users drops under Forced-LTE and Forced-l{iFil Under Forced-LTE, users are scheduled
as cellular users, hence they achieve similar fairness performance as cellular users (but not equal
because their fairness is computed over a different set and their load is different). The fairness
reduction under Forced-WiFi] is due to topologically uneven distribution of contending outband
users. In Figure[A.24] we can observe that utilities of all[D2Dlenabled schemes grow until N reaches
50. The reason for this behavior is that the network operates under saturation up to this point. In
fact, one can observe in Figure that the achievable throughput with 50 users or less is below
120 Mbps which is equal to the total offered load (i.e.,304-90) in the scenario of Figure For
N > 50, the utility in the packet simulation is limited by the adopted load.

Forced-LTE —x— Social —¢— Ranked ——
Forced-WiFi |—4—  Greedy —&— Optimal —&—

0.7

0.6

Jain’s fairness index (cellular)

05 1 1 1 1 1 1 1 1 1
5 10 20 30 40 50 60 70 80 90 100

Number of users per cell (N)

Figure A.22: Impact of user population on the system performance evaluated through packet sim-
ulation. Fairness among cellular users.
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Figure A.23: Impact of user population on the system performance evaluated through packet sim-
ulation. Fairness among [D2D] users.
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Figure A.24: Impact of user population on the system performance evaluated through packet sim-
ulation. Aggregate cell Utility.
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Impact of overlay resource portion. Here, the number of users per cell is fixed to 50.
Figure shows that the utilities of multi-band schemes increase with the overlay bandwidth.
This increment is due to throughput improvement under mode 2. This implies that users
tend to receive more interference from cellular users than from other users, hence, the spectral
efficiency is higher in overlay than underlay. As mentioned, the overlay portion is given to modes
0 and 1 if there are no overlay users. As a result, the utilities of Forced-LTE and Forced-WiFi]
remain unchanged here.

Although the aggregate utilities are improved, we should also investigate the impact of overlay
bandwidth on cellular users. Figure illustrates that the delivery ratio of cellular users degrades
as the overlay bandwidth grows because there is less bandwidth at their disposal. Figure also
sheds light on the differences among multi-band schemes. Cellular users experience higher packet
delivery ratio with Social. Indeed, Social is the only scheme that aims to maximise the aggregate
utility, which includes the utility of cellular users. Finally, Figure shows how the delivery ratio
of users approaches 1 with higher overlay bandwidths, as expected.

Forced-LTE —x— Social —¢— Ranked ——

Forced-WiFi —4—  Greedy —&— Optimal —&—
550 T T T T T T T
500
450
400 i :
350
300
250
20097
1solf—F—H—m—F—E—a—ma—Ff]

100
50 X X X X X A X
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Utility

Overlay portion

Figure A.25: Impact of overlay portion on system performance (N = 50). Aggregate achievable
utility.
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Figure A.26: Impact of overlay portion on system performance (N = 50). Average delivery ratio of
cellular users.
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Figure A.27: Impact of overlay portion on system performance (N = 50). Average delivery ratio of
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Impact of energy cost a. Recall that with the current relative energy cost o our system
is biased towards throughput. Hence, we investigate the impact of o in Figures [A.2§ and [A.29)]
for N = 50. We start with Figure in which a 20% throughput reduction is observed at
a = 105 b/J. This shows the system’s bias shifts towards energy minimisation as « increases. In
Figure the utility reduces as a grows, although the behavior of the curves is not linear at all.
In particular, for very large values of «, our system prefers Forced-LTE (i.e., mode 0) because it
only powers one interface. Since we disallow multi-band schemes to assign mode 0 to users,
Forced-LTE might achieve utilities higher than that of Optimal when « is very large (e.g., with
a = 10% b/J, which is too unrealistic as of today and for the near future due to the high cost of
electricity).

Forced-LTE —%— Social —¥— Ranked ——
Forced-WiFi 54—  Greedy —&— Optimal —S—
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Figure A.28: Impact of « on system throughput and utility (N = 50). Aggregate throughput.
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Figure A.29: Impact of a on system throughput and utility (N = 50). Aggregate utility.
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Impact of load. Finally, the impact of load is shown in Figures [A.30] to [A-32]
for N = 50. The packet delivery ratio for users drops as the load increases, as shown in
Figure This is the expected behavior of systems in saturation. However, as we see in
Figure our schemes are designed in such a way that saturation of users does not impact
the cellular users. This shows that our proposal can be a candidate for distributed mode
selection implementations in which cellular users are protected from mode selection decisions of
users. It is observed in Figure that system utility approaches its achievable limit (220)
when the load is almost 250 Mbps (see Figure N =50). In Figure we observe that
the achievable capacity for N =50 is almost 120 Mbps. Indeed, by multiplying the packet delivery
ratios (see Figures and with the aggregate network load (250 Mbps for users and
30 Mbps for cellular users), we observe that the achieved throughput is almost 120 Mbps (i.e.,
250 - 0.4+ 30-0.6=118). With similar calculations, one finds that Forced-lWiFi] saturates almost

at 100 Mbps.

Forced-LTE —%— Social —¢— Ranked ——
Forced-WiFi —H—  Greedy —&— Optimal —5—
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D2D delivery ratio
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D2D load [Mbps]

Figure A.30: Impact of [D2DI] load on system performance evaluated through packet simulation
(N = 50). [D2DI delivery ratio.
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Figure A.31: Impact of load on system performance evaluated through packet simulation
(N =50). Cellular delivery ratio.
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Figure A.32: Impact of load on system performance evaluated through packet simulation
(N =50). Aggregate utility.
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Convergence. In Table[A.14] we report the convergence of our proposed heuristics in terms of
time and the number of iterations. The heuristics are tested on Mathematica™ on a machine with
a 3.6 GHz processor and 8 GB memory. Greedy and Social have a very similar convergence time.
Greedy is slightly slower than Social due to decision indexing. Interestingly, notwithstanding its
ranking operations, Ranked has a better performance. This happens because Ranked converges to
a decision with less iterations (which is what we have indicated as factor r; in Section .

Table A.14: Convergence of the heuristics (N = 100)
‘ Social ‘ Greedy ‘ Ranked ‘

Average convergence time [s] 1.61 1.62 1.43

Average number of iterations 7; 2.69 2.80 1.46

Flexibility. As mentioned, Floating Band is key to flexible architectures. We em-
phasize this fact by evaluating our proposal in various cellular environments, according to ITU-R
guidelines [83]. Table shows that, moving from micro-cell to rural macro-cell, the system
relies more on the cellular spectrum as density reduces. As a consequence, the number of underlay
connections increases. For denser environments, we observe that a significant part of connections
is served using outband

Table A.15: Percentage of each mode in different environments (N = 100)

Urban Urban Suburban Rural
micro-cell | macro-cell | macro-cell | macro-cell
Inband underlay 4% 8% 29% 31%
Inband overlay 63% 66% 66% 67%
Outband 33% 26% 5% 2%
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