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EXECUTIVE SUMMARY 

 
This is a revised version of an initial submission of deliverable D3.2 (identified as release 2) 
following expressed comments and mandatory enhancements from the second period review.  

 

The scope of this deliverable (D3.2) on intersystem networking for exchanging and sharing 
information between cognitive nodes or radios (terminals and base stations) has been extended to 
the specification of the SACRA CRRM algorithms to address concerns about the lack of detailed 
description of the SACRA CRRM algorithms in the first period. Each algorithm is described in 
terms of principle, modelling, criteria, objectives and resolution methods and with respect to its 
contribution to the overall CRRM system and its position in the system hierarchy.  

The overall SACRA CRRM system composed of a hierarchy of algorithms is described in this 
document where each algorithm contributes to a key aspect in the complete cognitive radio 
resource management framework. The role and purpose of the algorithms are provided with their 
required inputs, key internal parameters and outputs. The algorithms address:  

 

 the aggregation of carrier components from several bands to fulfil application requirements 
and achieve user satisfaction in throughput and delay performance while ensuring optimal 
partitioning of flows, sessions and users onto the aggregated resources; 

 an opportunistic users access control to the incumbent spectrum using a probability of 
outage criterion of the primary users; 

 a cooperative power control mechanism to enable opportunistic users to jointly optimise 
their respective power levels in a distributed and autonomous way relying only on the 
exchange of utility information among neighbouring nodes. 

 

This is augmented by a sensing configuration module, whose aim is to select the best sensing 
algorithm based on signal to interference conditions. The module configures the selected sensing 
algorithm parameters to achieve a trade-off between sensing cost and efficiency. 

 

Performance assessments for some algorithms and the contribution of each algorithm to the 
SACRA system spectrum and energy efficiency are reported. The analysis is conducted mostly for 
the spectrum aggregation use case even if the algorithms can be applied to other use cases. A 
dedicated section of the deliverable hopefully describes candidate LTE logical control channels 
and interfaces for data exchange and for cooperation between the cognitive terminals and base 
stations. The algorithms are analysed further to identify variables and portions that can be the 
subject to learning and reasoning enhancements.  

 

Learning techniques and to some extent reasoning, are introduced to enhance the proposed 
algorithms. The achieved improvements are reported for some algorithms. Additional assessments 
are planned in future milestones and deliverable in period 3 (M3.3 and D3.3). Future plans to 
enhance and consolidate the SACRA CRRM system are also mentioned. 

 

Additional content and contributions in this release 2 of D3.2 are summarised to ease identification 
of changes compared to release 1:  
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 Section 4.4.3.3 has been revised in order to justify the use of MCAS in the sensing 
configuration module. The objective for this period was to use a simplified version of the 
more elaborate sensing algorithms, in their consolidation and validation phase in WP2, so 
that independent feasibility tests and assessments of the sensing configuration module can 
take place before the ensuing a joint feasibility test. The latter is part of the demonstration 
planned in period 3. For this purpose the  MCAS (Maximum Cyclic Autocorrelation 
Selection) algorithm is used to implement the cyclostationary detection algorithm such that 
comparable computational complexity is achieved compared to the energy detection 
algorithm. 

 Section 4.5 has been revised and the proposed solution for carrier aggregation (i.e. Genetic 
Algorithm) has been compared to other alternative approaches (e.g. score-based). 
Additional simulation results showing the benefits of the Genetic Algorithm have been 
included. The abstract and aggregate performance metrics have been modified by focusing 
assessment on the numbers of users that can accepted while respecting target rates and 
interference on primary users. This replaces the user satisfaction criterion used originally 
as a summary metric in order to have indicators that can reveal more details and 
differences in performance  

 Section 6 has been modified (to improve the content and comply with the recommendations 
with respect to polices specification) to provide: 

o Information model for rules and policies as these were identified in Milestone M3.2; 

o The signalling overhead induced by the algorithms of the CRRM system. 

 Section 7 has been modified as requested to include the expected contributions and 
original objectives: 

o A separate section for each algorithm with learning capabilities (i.e. flow partitioning 
algorithm and sensing configuration mechanism); 

o Further elaboration of the learning capabilities of the cooperative power control 
algorithm that were introduced in the first version of the document.  
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1 INTRODUCTION 

1.1 PURPOSE OF THE DOCUMENT 
The original goal of this deliverable is to describe how data and information can be exchanged 
between SACRA cognitive radio resource management (CRRM) algorithms within or across 
systems by relying on sensing nodes (user terminals and base stations), including joint RRM when 
applicable. The document conducts for this purpose an analysis of the logical channel structure of 
the opportunistic system to identify the most appropriate control channels to exchange information 
using an in-band approach. The scope of the deliverable has been extended to provide details, 
beyond the conceptual description reported in the previous period, on the proposed CRRM 
algorithms to address the SACRA use cases for multi-band operation. The emphasis in this 
document is on the spectrum aggregation scenarios involving a LTE 2.6 GHz system and TVWS 
UHF corresponding to one of the central SACRA use cases. 

 

The document describes consequently the proposed radio resource management algorithms 
meant to operate at different levels of the SACRA CRRM system and a sensing configuration 
module that interacts with the SACRA sensing algorithms. The algorithms are analysed in terms of 
input requirements and produced output and their contributions to cognitive radio resource 
management with emphasis on the spectrum aggregation use cases. The document also explores 
how the logical channels of the LTE system can be leveraged for exchanging information between 
nodes (terminals and base stations) to support the cooperative nature of some of the algorithms 
and supply the required inputs in terms of channel quality indicators and sensing results coming 
from the SACRA sensing algorithms. For the cooperative algorithms means to exchange 
information between cooperative nodes is also investigated, especially for a cooperative power 
control algorithm where nodes share their achieved utilities to set their power levels when 
opportunistically capturing free carrier components.  

 

The document also describes how the SACRA CRRM algorithms contribute to spectrum and 
energy efficiency whenever applicable. The possibility of relying and introducing learning and 
reasoning in the proposed radio resource management algorithms or subsystem, such as the 
sensing configuration subsystem, is assessed with the objective of embedding these learning and 
reasoning capabilities in the algorithms. The algorithms have been the subject of independent 
feasibility tests and assessments that evaluated mainly their performance. This document reports 
some of the findings and will be used as a basis for the combination of the proposed algorithms, 
following the project work plan, as they address different aspects of radio resource management, 
spanning from partitioning of flows to secondary users access control and their cooperative power 
control. 

 

1.2 DOCUMENT RELATIONSHIP TO TASKS AND RECOMMENDATIONS 
This document relates to tasks WP3.1 to WP3.3 that have contributed to its content. These tasks 
cover the networking aspects for information exchange, the CRRM algorithms and the 
configuration of sensing to enhance resource usage and improve resource management. 
Milestone M3.2 on behavioural models, rules and policies specification served mostly as a 
structuring milestone for the CRRM algorithms and for the identification of rules and policies for 
those algorithms.  This milestone has set the basis for the derivation of the information model for 
policies as it is presented in section 6.2. Deliverable D3.2 acts as one of the preliminary roadblock 
to D3.3 on SACRA resource management assessment. The documents content has been 
extended to comply with the recommendations from the first period evaluation which suggested the 
inclusion of details on the CRRM algorithms. The document addresses the concern of lack of 
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detailed specification of algorithms and the need to elaborate more on learning and reasoning. The 
algorithms are addressed in section 4 while the learning and reasoning aspects and approaches 
are discussed in section 7 and will be the object of further investigation in the third period where 
the CRRM will be combined and strengthened with learning capabilities. 
 

1.3 MODIFICATIONS IN SECOND VERSION OF THE DOCUMENT 
In this section a list of the modifications that were conducted for the delivery of the second version 
of the document has been provided. The document has been modified based on the reviewers 
comments and more specifically: 

 Section 4.4.3.3 has been revised in order to justify why MCAS (Maximum Cyclic 
Autocorrelation Selection) is used in this WP. 

 Section 4.5 has been revised and the proposed solution for carrier aggregation (i.e. Genetic 
Algorithm) has been compared to other alternative approaches (e.g. score-based). 
Additional simulation results showing the benefits of the Genetic Algorithm have been 
included. The abstract and aggregate performance metrics have been modified by focusing 
assessment on the numbers of users that can accepted while respecting target rates and 
interference on primary users.  

 Section 6 has been modified so as to provide: 

o Information model for rules and policies as these were identified in Milestone M3.2 

o The signalling overhead induced by the algorithms of the CRRM system. 

 Section 7 has been modified so as to include the following: 

o A separate section for each algorithm with learning capabilities (i.e. flow partitioning 
algorithm and sensing configuration mechanism) 

o Further elaboration of the learning capabilities of the cooperative power control 
algorithm that were introduced in the first version of the document 
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2 ASSUMPTIONS AND SCENARIOS 

The goal of this section is to set the stage for the data and information exchange analysis and the 
cognitive radio resource management for the SACRA envisaged use cases. The resource 
management algorithms reported in this document rely on the use cases and the spectral bands 
and systems they address. The emphasis for the use cases is on spectrum aggregation. As LTE is 
a central component of the use cases, SACRA inherits naturally a number of existing features in 
LTE that in turn define the scope of the CRRM studies. This also sets the basic assumptions for 
the proposed algorithms in this document. We review some of these basic assumptions.  

 

SACRA extends the concept of spectrum aggregation defined in the release 10 of 3GPP LTE-
Advanced standard, by considering a system capable of spectrum aggregation of:  

 licensed spectrum in the 2.6 GHz and in the digital dividend bands;  

 available spectrum in the TV white spaces band 

SACRA proposes two additional features to allow a more dynamic behaviour of the operating 
network: 

 the capability to use jointly and simultaneously the two bands, taking into account 
instantaneous conditions, especially the environment, the system state or the 
communication needs ; 

 the capability to perform secondary use of the spectrum in the UHF band, extended to TV 
white spaces down to 470 MHz. 

 

SACRA also assumes that resource managers in eNodeBs make this dynamic selection and 
perform spectrum aggregation using the knowledge on the characteristics of the channels in the 
licensed and the bands available for opportunistic use in the TVWS. Each eNodeB performs 
individually these operations in the case of intra-cell spectrum aggregation, while it cooperates with 
other eNodeBs to better serve the users through inter-cell spectrum aggregation. 

 

A terminal connected to a first eNodeB over a licensed carrier may also communicate 
simultaneously with a second one using additional resources in the TVWS, in order to get a better 
throughput. The UE will have an anchor RRC connection with the network (on the primary cell in 
the LTE sense1). Depending on traffic load and QoS requirements, eNB will add, remove or 
configure any secondary cells through new RRC signalling (this will correspond to bands that are 
shared and meant to be used opportunistically and would correspond to secondary cells2). 

 

In addition, there will be associated in the coverage area a serving cell 3 that is assumed to provide 
system information to all the users in coverage range. 

 

                                                
1
 Primary cell is designated as the Downlink primary Carrier Component and the corresponding Uplink Carrier 

component, which is the main carrier for the UE. This primary cell is UE specific and could be different between the UEs 
of the same base station. 
2 Secondary cell is designated as the Downlink and Uplink Carrier components corresponding to an additional serving 

cell for one UE. 
3 Serving cell corresponds to a Downlink Carrier component linked with an Uplink carrier component. This serving cell 

handles its own system information and has an unique ECGI (E-UTRAN Cell Global Identifier) 

 



Project:  SACRA      
EC contract:  249060 

Document ref.: D3.2 
Document title:  Intersystem networking for sharing & cooperation 
Document 
version:  

2.0 

Date:  24/05/12 

 

Page:  9 / 83 

reNB3

eNB4

eNB1

eNB2

UE1

UE2

UE5

UHF TV WS Cell coverage

2.6 GHz Cell coverage

Fiber

 

eNB5

eNB3

eNB6

eNB7

eNB4

eNB1

eNB2

UE1

UE2

UE5

UE3

UE4

UHF TV WS Cell coverage

2.6 GHz Cell coverage

eNB1

TV 0

TV 1

TV 2

TV 3

OPPORTUNISTIC BAND (TV) LICENSED BAND (IMT)

eNB1 eNB2 eNB3

DL

F1

UL

FB

UL

F2

eNB

UL

FA

 

a) Intra-cell aggregation b) Inter-cell aggregation 

Figure 1: Spectrum aggregation scenarios and deployment examples 

 

The scenarios and use cases targeted by this document meet essentially the requirements for 
spectrum aggregation with some variants that correspond to contiguous or non contiguous carrier 
components arrangements as well as intra cell or inter cell aggregation. This is depicted in Figure 
1.  

 

In Figure 1.a) the scenario corresponds to a connection established on request from UE1. The 
eNB1 establishes a connection with the primary cell in the licensed band (2.6 GHz band) which is 
the main carrier for the UE. This carrier component is notified on signalling data in the licensed 
band. Depending on traffic load and QoS requirements of the application for the UE1, eNodeB1 
will add a secondary cell through new signalling in the licensed band. Depending on the availability 
of carrier components in the UHF TV WS band, eNodeB1 configures a second carrier component 
in the opportunistic band to enhance the throughput for the UE1. As a consequence, eNodeB1 
aggregates data in the two carrier components to allow simultaneously communication in the two 
bands. 

 

Figure 1.b) corresponds to an initial connection established on request by UE5. eNB3 establishes 
a connection for this purpose with the primary cell in the licensed band acting as main carrier for 
the UE. Due to QoS requirements of the application for UE5, eNB3 triggers a search for additional 
resources for this UE. The eNodeBs coordinate their actions to select appropriate CC bands for 
use by UE5. The eNB1 configures a carrier component in the opportunistic band to enhance the 
throughput for the UE5. As a result, eNB1 and eNB3 coordinate the scheduling of data through the 
two allocated carrier components to allow simultaneously communication in the two bands for UE5. 

 

The CRRM algorithms presented in this document assume these two scenarios for their analysis 
and for the derivation of their models. Hopefully, the proposed algorithms can be extended and 
applied to other use cases, with marginal changes to their objective functions or optimisation 
mechanisms.  
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3 OVERALL CRRM SYSTEM 

The overall CRRM system is composed of a hierarchy of algorithms, each contributing a key 
aspect in the complete cognitive radio resource management framework as illustrated in Figure 2.  

The proposed CRRM algorithms cover a number of the SACRA target objectives. A genetic 
algorithm is selected to partition users in the bands and aggregate carrier components (levels 4 
and 5) driven by rules and policies from level 6. For this higher level of cognitive radio resource 
management working on partitioning flows into sub bands, a genetic algorithm is preferred due to 
its ability to address multiple constraints, multiple objectives and multiple criteria in addition to 
naturally embedding joint optimisation and learning capabilities.  

 

Figure 2: CRRM system and proposed algorithms 
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A resource management algorithm (at level 3) based on outage probability assesses impact on 
incumbent or licensed users and opportunistic or unlicensed users interference to control initial 
access to the available bands. This algorithm can be used to decide if users are allowed to enter 
the system or not based on outage probability estimation prior to any access grant. This algorithm 
can operate on the output from the previous algorithm in each sub-band at reduced complexity or 
on all bands independently.  

 

Additionally, a second algorithm, at level 3, enables secondary users that have been allowed to 
enter the system to tune opportunistically and cooperatively their transmission power levels. 
Learning can be added to the existing cooperative power control optimisation to improve 
performance when confronted with new conditions or uncertainty.  

 

The SACRA sensing algorithms, implemented and evaluated by WP2 on sensing techniques, 
serve as key input to all the SACRA CRRM algorithms. The sensing results are injected into the 
CRRM system in the form of detected presence of primary users across available bands and 
carrier components for opportunistic use by secondary users. This information comes either as 
hard decisions indicating presence or absence of primary users without any additional knowledge 
on the likelihood of error, or as soft information augmented with probability of correct detection and 
probability of false alarm acting as weights on the reliability of the sensing results. Sensing is 
performed by the terminals and reported to the base stations for consolidation purposes. The 
sensing data and results may be shared or not among terminals, depending on the type of sensing 
used, e.g. in cooperative sensing, or simply gathered at the base stations that may redistribute the 
information to other nodes (terminals and other base stations). 

 

The sensing data (level 1 in Figure 2) is passed primarily onto the sensing configuration system, 
described in more detail in section 4.4, responsible for selecting the most appropriate sensing 
algorithm according to estimated signal to noise ratio as well as experienced and observed 
performance of the CRRM algorithms. The sensing configuration module goals are to select the 
best spectrum and signal sensing algorithms and to tune the parameter configuration for these 
algorithms in terms of sensing frequency and cost-efficiency-reliability trade-offs. Sensing 
configuration (at level 2) in fact adapts the sensing by reducing the amount of sensing or modifying 
the sensing parameters to ensure deeper inspection of the spectral bands or carrier components if 
the collected information is insufficient for reliable decisions. 

 

The sensing results are also shared and communicated to the various CRRM algorithms (levels 3, 
4 and 5) that will also make use of the available hard or soft sensing information. The terminal 
centric and the distributed algorithms in the terminals and base stations are described in sections 
4.2 and 4.3. The more base station centric and upper CRRM algorithms relying on LTE radio 
resource blocks maps or resource occupation matrices are described in section 4.1. These 
algorithms, located in levels 4 and 5 in Figure 2, partition or split the application flows into the 
available (aggregated) spectral bands depending on the collected primary user presence 
information collected by the sensing algorithms, processed and interpreted by the sensing 
configuration as well as the distributed sensing algorithms in the nodes (terminals and base 
stations) in both uplink and downlink directions and bands. The algorithms in level 3 are dedicated 
to access control to primary user bands or carriers and the control of the power that will be used by 
secondary users once they are allowed to enter the system and share or use the primary bands, 
carrier components or spectrum.  
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They are the subject of detailed descriptions in sections 4.2 and 4.3. The algorithms are described 
in terms of access control to the primary spectrum and in terms of power control for secondary 
users. Section 5 describes the inputs required for the proposed CRRM algorithms at levels 3 
through 5 and the outputs of these algorithms, as well as the assumptions under which they 
operate. 

 

The list of algorithms is given below with the section where they are described respectively: 

o sensing configuration (see section 4.4) 

o distributed primary users and secondary users spectrum access control and power setting 
based on a probability of outage criterion in terminals (see section 4.2 ) 

o secondary users cooperative power control in shared bands to optimise secondary users 
utility subject to primary user interference constraint (see section 4.3) 

o and a higher level application and flow partitioning algorithm that aims at partitioning flows 
across combined or aggregated bands located in levels 4 and 5 of the SACRA CRRM 
hierarchy (described in section 4.1). 

 

A short description of each algorithm is provided next to prepare the reader to the more detailed 
descriptions.  

o As stated earlier the sensing configuration system controls and configures sensing 
dynamically according to the collected sensing information by the activated sensing 
algorithms, to their observed performance and to the estimated signal to interference ratio 
in the sensed primary bands; 

o the outage probability based algorithm is used to determine if secondary users are allowed 
or not to enter the white spaces by assessing the impact on primary users first and second 
by assessing the mutual interference secondary users experience from each other. This 
algorithms allows access only if all the conditions are fulfilled. It is specialised for both 
uplink and downlink access to free spectrum; 

o the cooperative power control algorithm actually fine tunes power settings for users that 
have been granted access already and it relies on shared and exchanged experience 
instantaneous utility among secondary users to derive the best power settings. As the data 
gets shared and exchanged and delays as well as uncertainties in received data qualities 
are experienced, the cooperative power control algorithm introduced fuzzy logic features  to 
handle these doubts and become robust to the unreliable utility reporting 

o the user satisfaction algorithm operated at a different level in the SACRA CRRM system 
and intervened quite early by actually partitioning or splitting flows and resources into sub 
bands to organise and distribute initially the flows and applications according to their 
profiles and operators policies and rules on specific applications or usage of the multiple 
available bands including the white spaces. This algorithm can run in each base station and 
in fact aggregates spectrum and consolidates allocations on the basis of currently used 
resources (busy), free resources within the LTE 2.6 GHz band and based on a collected 
view from sensed carrier components and sub carriers by SACRA CR, on monitored 
channels within LTE via CQI and ICIC reports. This algorithm can also be reused for JRRM 
and combined with the same algorithm decisions running autonomously in each base 
station. 
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4 CRRM ALGORITHMS 

This section will describe the CRRM algorithms and the planned integration of the algorithms into 
the overall CRRM system. The idea is to describe each algorithm and describe how they will be 
combined into a coherent and cohesive system. It will start by setting the stage with the spectrum 
partitioning and allocation policies at a rather high level in order to specialise the description to 
each algorithm first and afterwards look at the algorithms jointly for integration. 

 

4.1 SPECTRUM PARTIONING AND HIGH LEVEL ALLOCATION 
POLICIES 

At the highest level in the traffic management and applications request levels, in the outer loop, 
SACRA has to partition flows into sub-bands according to application flows profiles and QoS 
requirements. The rules and policies will govern this allocation of flows into bands by injecting 
appropriate behaviours into CRMM in terms of goals and performance objectives. The 
methodology and approach are those of the well known Policy Based Management (PBM) 
framework. The key process in PBM is the MAPE loop (Monitor, Analyse, Plan and Execute). 
Depending on detected events and sensed conditions policy decision points will determine what 
action to plan and executed through the injection of rules into policy enforcement points that will 
make sure the rules are respected and the objectives met. PBM is by now well known. There is no 
need to dwell on its principles. The focus will be instead on the distribution of application flows 
across bands and on the evaluation of a genetic algorithm to achieve the partitioning and 
aggregation of carrier components when conducting the management of the sub-bands and their 
associated carrier components. 

 

The analysis will in addition focus on a key and central SACRA use case and scenario (e.g. the 
carrier aggregation scenario). The 2.6 GHz band and an 800 MHz band will serve as a basis for 
the study. The scenario assumes an LTE-A system operating in the 2.6 GHz band taking 
opportunistically advantage of available spectrum in the 800 MHz bands in a TVWS context.  

The SACRA sensing algorithms are assumed to provide soft information on the availability of 
primary users in the 800 MHz band. Probability of detection and false alarm compose this soft 
information. The partitioning algorithms will use the primary user sensing information to address 
the LTE resource block allocation across the bands. A genetic algorithm is proposed to allocate the 
data flows to LTE radio resource blocks selected across the available carrier components in the 
2.6 GHz and 800 MHz band.  

 

Key policies, rules and constraints that govern the CRRM allocations originate from providers, 
stakeholders and applications QoS requirements that can be viewed in fact as constraints and can 
determine pre-allocation rules for interactive and real time applications, non real time applications 
and best effort traffic. Applications with stringent QoS requirements will in general be allocated to 
the stable licensed bands and will not be the subject of migration across bands during the lifetime 
of a session. While the more flexible non real time and best effort traffic can seamlessly be moved 
from a set of carrier components to another whenever necessary or to maintain or improve 
performance. Some of these policies and rules are: 

o authorised bands and carriers 

o maximum number of carriers allowed for a single user or application (limit per sub-band or 
limit in total resource aggregated from all bands) 

o QoS requirements or equivalently user satisfaction assuming a criterion is selected to 
define such satisfaction 
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o a maximum acceptable interference or degradation by primary and secondary users such 
as acceptable outage probability of primary users, SINR targets for primary and secondary 
users, etc. 

o application required throughput and maximum delays 

o fairness across users in terms of mobility patterns, applications and coverage range (in 
terms of QoS such as SINR, Throughput, delays)  

In order to capture most of these rules and policies into a set of constraints or target objectives, 
concrete performance measures for the optimisation algorithms, SACRA elected to use a 
combined metric that lumps most of these criteria into one measure: the user satisfaction. The 
advantage of such an approach is the design of an algorithm that would work irrespective of the 
selected or retained criteria in the combination. Designers need only change the expression of the 
utility function or the overall user satisfaction definition.  

A genetic algorithm was also selected to naturally handle the multi-criteria, multi-constraints and 
multi-objectives nature of CRRM. Genetic algorithms have also an inherent resilience to 
uncertainty as they embed learning and adaptation capabilities in their evaluation, selection, 
crossover and mutation steps. Genetic algorithms find near optimal solutions to NP-Hard problems 
and are suitable for complex problems with many local optima. The CRRM problem addressed by 
SACRA exhibits all these characteristics.   

The formal evaluation of the user satisfaction criterion embedding several policies and rules for 
CRRM partitioning of traffic flows into sub-bands and carrier components is described in 4.5.  

 

4.2 LOCAL PER BASE STATION OUTAGE PROBABILITY CENTRIC 
ALGORITHM FOR OPPORTUNISTIC SPECTRUM ALLOCATION TO 
SECONDARY USERS 

This algorithm operates at level 3 and uses outage probability protection on incumbent to control 
access to the TV white space or any band subject to opportunistic use. The algorithm can be used 
to decide if users are allowed to enter the system based on outage probability estimation prior to 
any access grant [1][2]. This algorithm has been modified, adapted and implemented to address 
and fulfil SACRA scenarios’ requirements. Policies and constraints are applied to the outage 
probability-based algorithm. Two policies are considered: PU policies including the primary 
capacity, the outage probability and the interference outage, and, SU’s policies including SU’s 
capacity, SU’s sum capacity, the interference power and fairness. Throughout this section, we will 
use the following notation: 

 the index of SUs j lies between 1 and M, 

 hpu,n  denotes the channel gain from the PU indexed by pu to a desired SU n, 

 hpu,pu  denotes the channel gain between the base station (BS) and the PU, 

 hj,n  denotes the channel gain from SU j to a desired SU n, 

 the data destined from the primary system is transmitted with power ppu. 

 the data destined from SU j is transmitted with power pj. 

 

4.2.1 Primary users policies 
 

Primary Capacity: In most of resource allocation strategies, algorithms must ensure that the 

maximum capacity of the PU resulted from the SUs transmission is no greater than some 
prescribed threshold. The PU instantaneous capacity Cpu is given by 
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 (1) 
 

where  is the ambient noise variance. Clearly, the primary capacity is directly related to the PU 
transmission as well as the SUs transmission. 
 

Outage Probability: The notion of information outage probability, defined as the probability that 

the instantaneous mutual information of the channel is below the transmitted code rate, was 

introduced in [3]. Accordingly, the outage probability can be written as: 

 
Pout (R) = P { I(x; y) < R}  (2) 

 
where I(x;y) is the mutual information of the channel between the transmitted vector x and the 
received vector y, and R is the target data rate in (bits/s/Hz). Reliable communication can therefore 
be achieved when the mutual information of the channel is strong enough to support the target rate 
R. Thus, a cognitive transmitter can adapt its transmit power p within the range of [0; Pmax] to fulfill 
the following two basic goals: 

 Self-goal: Trying to transmit as much information for itself as possible, 

 Moral-goal: Maintaining the primary users' outage probability unaffected. 
 
The outage probability can be written as: 

 
Pout (R) = Prob { Cpu < Rpu }  (3) 

 
where Rpu is the PU transmitted data rate. The information about the outage failure can be carried 
out by a band manager that mediates between the primary and secondary users, or can be directly 
fed back from the PU to the secondary transmitters through collaboration and exchange of the 
Channel State Information (CSI) between the primary and secondary users. 

 
QoS control: The main contribution within the proposed outage probability based algorithm is the 

QoS management of the CR system [1][2]. The originality in the proposed method is that we 
guarantee a QoS to PU by maintaining the PU's outage probability unaffected in addition to a 
certain QoS to SUs and ensuring the continuity of service even when the spectrum sub-bands 
change from vacant to occupied. Thus by the outage probability control, if we have a vacant 
spectrum holes in the PU band, we set the outage probability Pout = 1 to exploit the available 
spectrum band by SUs, and if we have occupied sub-bands, the outage probability is set to Pout = q 
depending on the PU's QoS. 

 
Interference Outage: The CR specific metrics relate to how well the CR is able to avoid PU and 
the efficiency in using available spectrum. This will require a model for PU dynamics, such as 
disappearance and reappearance time intervals, the amount of spectrum being used and the 
strength and location of the PU. In addition to the primary capacity and the outage probability, we 
define the interference outage meaning when the power of interference at a receiver PU exceeds a 
pre-defined absolute limit. Let q   be this absolute limit (i.e. the maximum outage probability). 
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4.2.2 Secondary users policies 
 
Secondary User’s Capacity By making SUs access the primary system spectrum, the jth SU 
experiences interference from the PU and all neighbouring co-channel SU links that transmit on 
the same band. Accordingly, the jth SU instantaneous capacity Cj is given by: 

 (4) 

where 

  (5) 

Secondary User’s Sum Capacity: SUs need to recognize their communication environment and 
adapt the parameters of their communication scheme in order to maximize the cognitive capacity, 
expressed as 

 (6) 

while minimizing the interference to the primary users, in a distributed fashion. The sum here is 

made over the   SUs allowed to transmit. Moreover, we assume that the coherence time is 
sufficiently large so that the channel stays constant over each scheduling period length. We also 
assume that SUs know the channel state information (CSI) of their own links, but have no 
information on the channel conditions of other SUs. No interference cancelation capability is 
considered. Power control is used for SUs both in an effort to preserve power and to limit 
interference and fading effects [1][2].  

 
Fairness: In addition to the SU instantaneous capacity and the global sum capacity, other 
functions of SU rates are useful, as an example the fairness. Specifically, every station in the CRN 
transmits as much data as possible and the throughput is calculated for each of them. Both the 
total throughput and fairness (differences in the throughput achieved by individual stations) are of 
interest. 
 

4.3 COOPERATIVE POWER CONTROL BASED ON FUZZY LOGIC 
The focus of the proposed power control algorithm is:     

 Cooperative power control between the nodes of different secondary systems (e.g. in the 
case of different operators in the TVWS bands) in order to maximize network efficiency and 
minimize interference. 

 M spectrum areas with same width. 
 Every node selects its transmission power level trying to maximize a utility function defined 

to ensure algorithm convergence to a maximum within a finite number of steps. 
 Asynchronous message exchange (“interference prices” [4]) required for cooperation 

between the nodes.  
 Fuzzy logic is utilized to enhance situation awareness by compensating for uncertainties 

that cause underestimation of the interference.  
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Since this algorithm was described in great details in D3.1 [5], only the algorithm key principles are 
needed in this section that focuses on the algorithm usability and its combination with other overall 
CRRM system algorithms.  
 
In the cooperative power algorithm proposed in D3.1 [5], the users exchange information about 
their interference levels, using for this purpose appropriate message exchange mechanisms. Each 
secondary user sets its power level by considering its own Signal to Interference plus Noise Ratio 
(SINR) information and the negative impact on the utility of other users [6]. This serves as counter-
motive that discourages nodes from setting consistently their transmission power to the maximum 
allowable level. Assuming that there are a total of L pairs in a spectrum band with k available 
channels, the SINR of the ith user in channel k is given by the equation:  

 
 






ij

ji
k

j

ii
k

ik

ii

hpn

hp
p

0



 (7) 

where i is the SINR of the ith transmitter as described in [5] and [6]. Variable pi
k is the transmission 

power for the node i on channel k, hii is the link gain between ith receiver and ith transmitter, pj
k is 

the transmission power for all other users on channel k, n0=10-2 is the noise level and hji is the link 
gain between ith receiver and jth transmitter. It is important to underline that hij ≠ hji since the first 
expresses the gain between ith transmitter and jth receiver and the second depicts the gain between 
jth transmitter and ith receiver.  
 
In the following analysis we assume that the environment causes average to high loss and as a 
consequent the path loss exponent is three, therefore the channel gain can be expressed as hji = 
dji 

-3, where variable d denotes the distance between the jth transmitter and ith receiver. 
Furthermore, in general, the carrier frequency of a signal varies and consequently the magnitude 
of the change in amplitude will also vary. The coherence bandwidth defines the separation in 
frequency after which two signals will experience uncorrelated. Specifically, in the case of 
frequency-selective fading, the coherence bandwidth of the channel is smaller than the bandwidth 
of the signal. Thus, different frequency components of the signal experience uncorrelated fading. 
On the other hand, in the case of flat fading, the coherence bandwidth of the channel is larger than 
the bandwidth of the signal. Therefore, all frequency components of the signal will experience the 
same magnitude of fading. In our case we assume a flat-faded channel without shadowing 
effects [4]. For a flat-faded channel there is no frequency selectivity and no delay spread, as 
elaborated previously. This implies that a single coefficient is used for channel attenuation. The 
described channel is static, thus the coefficient is fixed, and therefore the path loss is the only 
attenuation affecting it. Consequently, in this particular case h is strictly the channel gain or 
attenuation. 
In order to model the impact in utility for node i caused by the transmission of all other nodes, we 
adopt from [4] the notion of interference price. Interference price πi

k is defined as:  
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 (8) 
It is clear that the interference price expresses the marginal loss in utility due to a marginal 
increase in sustained interference. Interference prices are exchanged between the users in a 
completely asynchronous way. Furthermore, not only the updates of interference price between 
users are asynchronous, but also every node can proceed to update at different times its own price 
and power level values. Each node subsequently selects an appropriate level for its transmission 
power in order to maximize the difference between the “increase” in its own utility minus the 
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reduction in utility of other nodes caused by the increased interference as expressed by the 
interference price. Specifically, the mathematical formula that [4] is trying to maximize is: 
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 (9) 
The first part of the last equation is related to the Shannon capacity for user i (the constant term is 
omitted in order to have a form that can be proved to converge in all cases). Increasing user i 
Shannon capacity part translates to a direct increase in the maximum bit rate. However, since the 
transmission of every node is potentially seen as noise by the other nodes in the secondary 
system, the second term expresses what the other users will lose if user i increases its 
transmission power level. The algorithm consists of the following three steps:  
 

 Initialization: For each node i  L that is transmitting in channel k select a valid 
transmission power level pi

k  and a positive value for the interference price πi
k 

 Power Update: For every node i update its transmission power level pi
k trying to maximize 

the surplus in equation (9), after a time interval tai  Ti , where Ti is a set of positive time 
instances in which the user i will update its transmission power level and ta1 ≠ ta2 ≠ … ≠ tai ,  

 Interference Price Update: For every node i calculate and announce the updated 
interference price πi

k and notify the rest of the users for the updated value, after a time 

interval tbi  T΄i , where T΄i is a set of positive time instances in which the user i will update 
its interference price and tb1 ≠ tb2 ≠ … ≠ tbi  

 
The last two steps are asynchronously repeated for all the nodes until the algorithm converges to 
its final steady state. Due to the nature of equation (9) it can be proved that the algorithm will 
converge within a finite number of steps, provided that no external parameters will disturb the 
system. Moreover, if the problem is partitioned so that there is a single available spectrum area or 
if the algorithm is executed only for subgroups selecting the same spectrum area M, then it can be 
proved that the algorithm converges to a global maximum under arbitrary asynchronous 
updates [4]. 
 
In order to perform the power update in step 2, users select pi

k from the set TP of the allowable 
transmission power levels, so that the surplus of equation (9) is maximized. Provided that the 
allowable power levels are equidistant values (meaning that they can be derived from the previous 
value by adding a constant increment) then the algorithm will converge, as long as the increment is 
sufficiently small. In order to execute the algorithm, every user in the network requires knowledge 
of its own SINR and channel gain, as well as the channel gains and the interference prices 
announced by other users. The SINR and the channel gain between a user pair can be calculated 
at the receiver and forwarded back to the transmitter. The channel gains between users can be 
calculated if receivers periodically broadcast a beacon [4]. This information can also be provided 
on demand through a specially defined message sent from the receiver. Thus, in case the 
transmitter requires channel gain information before the reception of the next scheduled beacon, it 
can request this information from the receiver who will respond with the relative measurements. 
Finally, interference price values can be also conveyed in the same manner. Every user 
announces a single interference price, therefore the delay that is introduced by the algorithm 
scales linearly with the number of users.  
 
However, in the original version of the algorithm from [4], without coefficient α in (9), an 
underestimation of interference prices is likely in some cases (e.g. due to problems in message 
exchange or increased update time intervals for the interference prices) and the effect of the 
underestimation is the convergence of the algorithm in a non optimal solution. Therefore, 
coefficient α is introduced in our work in order to improve situation aware decision making in the 
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presence of uncertainties such as large update time intervals from the previous interference price 
update (considering that updates are asynchronous for all users) and potential problems in 
message exchange due to high mobility. In such cases the relative impact of the subtracted term 
should be enhanced, otherwise the first term usually dominates and this results to all users 
selecting the maximum valid power level. In both cases there is a danger that the impact of the 
interference to others due to the increase in transmission power will be underestimated as 
explained above, thus factor α needs to avert this scenario by increasing the weight of the second 
term. In such cases factor α compensates for the underestimation of interference and if it is defined 
appropriately it can result in a system that approximates the case of “perfect” message exchange. 
Fuzzy logic is well suited for this since it can handle vague and unclear requirements efficiently 
and the system can be easily fine-tuned to exhibit the desirable behaviour.  Therefore, if coefficient 
α is included as a “weight” factor that is multiplied with the subtracted interference term then we 
derive the following equation that is the objective we are trying to maximize: 
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  (10) 
 
The coefficient α sets the weight of the subtracted interference-related term in equation (10) and is 
determined before the initiation of the optimization phase by executing a Fuzzy Logic reasoner. 
 

4.4 SENSING CONFIGURATION SUPPORTING THE SACRA CRRM 
SYSTEM DESIGN FOR OPPORTUNISTIC MULTI-BAND OPERATION 

4.4.1 General context description 
Acting as a secondary user in the TVWS (470 - 790 MHz), SACRA system has lower priority using 
the spectrum allocated to the DTV. Therefore, a fundamental requirement is to avoid interference 
to the primary licensed users (DTV and PMSE) in their vicinity. Besides, there is no requirement, 
for the DTV networks and PMSE devices, to change their infrastructure in spectrum sharing with 
SACRA system. Therefore, SACRA system should be able to independently detect DTV and 
PMSE presence. To enable such an opportunistic access to licensed spectrum, different access 
methods have been proposed. Sensing-based access where a cognitive radio transmits if it senses 
the licensed band to be free is particularly investigated due to its low deployment cost and its 
compatibility with the primary licensed systems [7]. Several techniques have been previously 
proposed to sense a licensed spectrum in seeking a primary user signal (Cf. [8]-[9], SACRA D2.1). 
In single-node sensing, a cognitive radio performs sensing and provides one single decision about 
the frequency band occupancy. However, this technique is somewhat inefficient in some situations 
when deep fades and shadowing are encountered. Cooperative sensing has being proposed to 
enhance single-node sensing (see for instance [10] and references therein). Furthermore, 
implementation issues have being widely addressed over the last years (see for instance [11]). 

 

The sensing configuration aims at 

 specifying the frequency band to be sensed and the primary signal features, 

 defining the sensing time, duration and periodicity, 

 selecting the UEs to participate in the cooperative sensing task, 

 setting a sensing target performance: maximum allowed false alarm probability, minimum 
allowed detection probability, noise estimation time. 

 

Besides, the regulatory conformance should be checked for each sensing task. Regulatory bodies 
(e.g., FCC) provide the detection threshold for specific primary signal [12]. The detection threshold 
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corresponds to the minimum received signal at which primary signal should still be accurately (e.g., 
with probability 90%) detected by the Cognitive Radio.  

Therefore, we propose the following sensing structure for SACRA system: 

 The master node (e.g., eNodeB) defines the sensing configuration and scheduling strategy 
and it sends the configuration settings to UEs (selected sensing nodes). 

 Given the configuration settings, the selected UEs process the sensing tasks and check the 
regulatory conformance related to the current sensing. Furthermore, the UEs report the 
results to the master node together with the regulatory conformance indicator. 

 Each UE has various sensing algorithms performing capability. Depending on the 
configurations settings, the UE selects, among the available algorithms, the best algorithm 
to perform the current sensing task.   

 

In this deliverable, we propose a new approach to configure and to enhance single-node sensing 
by selecting among various sensing algorithms, and by verifying regulatory body conformance 
related to primary users protection in licensed bands. We assume that the sensing node is able to 
perform various sensing algorithms (developed in SACRA WP2). During a sensing period, 
depending on the configuration settings (frequency band to be sensed, primary signal type, 
sensing duration, maximum allowed false alarm probability, minimum allowed detection probability, 
noise estimation time etc.), an algorithm is selected to perform the sensing task while regulatory 
conformance is checked regarding the current environment and the selected sensing algorithm. 
The goal of this research is therefore to optimize local sensing and to provide a regulatory 
conformance indicator. As a result, processing sensing results is helped by the regulatory 
conformance indicator and the cooperative sensing performance is enhanced.  

 

We do not investigate the master node sensing configuration and scheduling strategy in this 
deliverable (this could be the next step of this study). We assume that the configuration settings 
are already available in the UEs.  

 

4.4.2 System architecture and description 
The proposed architecture is depicted in Figure 3. The sensing node is assumed to be able to 
perform K different sensing algorithms. The algorithms could be software-implemented, so the 
circuit can be optimized. The sensing node is composed of a short-term process, that is performed 
more often, and a long-term process that is performed occasionally.  

 

The short-term process consists in choosing the right sensing algorithm, to perform the sensing 
task, using the current configuration settings, and in testing the regulatory conformance regarding 
the current environment and the selected sensing algorithm.  

 

The long-term process consists in finding, depending on the configuration settings, the sensing 
algorithm that should be used to perform the sensing task. The long-term process also provides 
the required SNR, for all the sensing algorithms, to reach a target sensing performance. Finally, a 
knowledge base is fed, for all possible configuration settings, with the selected algorithms and their 
required SNR.  

 

The short-term process is performed in each sensing period while the long-term process is 
performed only if there are new configuration settings. 
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The master node is responsible of the following tasks: 

 Defining the sensing configuration, sensing scheduling and the sensing nodes selection 
strategies. 

 Learning to adjust strategies in order to achieve target sensing performance. 

 Processing sensing results and making decision about the band occupancy.  

 

The sensing configuration and sensing scheduling strategy should be defined in a network context 
taking into account the radio access technology (see SACRA use cases) and the regulatory body 
requirements. The learning function of the master node should allow learning the sensing 
performance through consecutive sensing results. Therefore, sensing configuration and sensing 
scheduling strategy could be adjusted to achieve given target sensing performance. Different 
sensing durations could be envisaged: for example, when short sensing durations are not sufficient 
to achieve a given detection performance, the strategy function could adjust the sensing durations 
to meet the expected target. 

 

In this deliverable, we focus on the sensing configuration and processing for single sensing nodes. 
The sensing configuration and scheduling strategy (available in the master node) is currently under 
investigation and it will be presented in the next deliverable. 

 

 

Figure 3: Proposed sensing configuration architecture 

 

4.4.3 Single-node sensing configuration and processing 
This section describes the sensing configuration and processing in a single cognitive radio node. 
We assume that the following sensing settings are available in UEs:  
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 frequency band to be sensed 

 primary signal features,  

 sensing duration,  

 maximum allowed false alarm probability,  

 minimum allowed detection probability,  

 noise estimation time (duration). 

 

The above configuration settings are sent by the master node to the sensing nodes (UEs). The 
tasks assigned to the sensing nodes are the following: 

 Select the “best” sensing algorithm for the current configuration settings. 

 Estimate the sensed frequency band noise power level. 

 Perform the sensing task with the selected algorithm. 

 Check the regulatory conformance with regard to the noise level and the selected 
sensing algorithm. 

 Send to the master node the sensing results and the regulatory conformance indicator. 

 

The above tasks comprise both a short-term process and a long-term process. 

 

4.4.3.1  Short-term process 

The short-term process is the main component of the UE sensing task and runs in each sensing 
period. The main steps are as follows: 

 

4.4.3.1.1 Sensing configuration settings 

The selected UE receive the configuration settings from the master node (e.g., base station). The 
current sensing configuration settings include the selected UEs identity, the frequency band to be 
sensed, the primary signal features, the sensing duration Ts, the maximum allowed false alarm 
probability Pfa,max, the minimum allowed detection probability PD,min, the noise estimation time. 

 

4.4.3.1.2 Sensing performing 

The following tasks are performed. 

 For each sensing node, the sensing configuration function reads the knowledge base to 
get the selected algorithm corresponding to the current configuration settings. 

  Noise power estimation, for the current frequency band, is performed. Noise power 
estimation can be performed directly in the current frequency band, [13], or in another 
frequency assumed to have the same noise level as the current frequency band, [14]. 

 The sensing is performed using the selected sensing algorithm which could use the 
noise estimation if necessary. 

 The regulatory requirement, related to the detection threshold [12] is checked for the 

selected detector and the current noise level. Using the noise power estimation 2̂ , one 

can derive the SNR required by the regulatory body, to reach PD,min, as follows 

2ˆ

ThresholdDetection 
SNRrb




 

(11) 
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For selected detector d, let d 0,SNR be the required SNR, to achieve in the same time 

PD,min 
and Pfa,max, for a given sensing duration Ts. To ensure that the current 

detection result conforms to the regulatory requirement, the regulatory rbSNR  must 

be higher than the selected detector d 0,SNR  (Cf. Figure 4). Therefore, the regulatory 

conformance indicator, stating either d 0,rb SNRSNR    or d 0,rb SNRSNR  , 

measures the confidence on the detection result (in regulatory body point of view). 

 

 Finally, the detection result and the regulatory conformance indicator are sent to the 
master node that is responsible of processing the results coming from the selected UEs 
and of taking the final decision about current frequency band occupancy. 

 

4.4.3.2  Long-term process 

The goal of the long-term process is to feed the knowledge base with necessary information 
allowing the selection among various sensing algorithms. Moreover, the selection depends on the 
set of possible configuration schemes which must be known in advance. The long-term process is 
depicted in Figure 5. For given configuration scheme, we have the following steps.  

 For all the available detectors, compute the mean detection probability versus the SNR. 

 For each detector d, determine the required signal-to-noise ratio d 0,SNR  to 

reach minD,P and maxf,P for sensing duration sT .Therefore, when current SNR is higher 

than d 0,SNR , the detection probability is higher than minD,P ; otherwise, the detection 

probability is lower than minD,P  (Cf. Fig. 3). 

 Select as the best detector, the detector with the lowest required d 0,SNR . The motivation 

of such a selection is that all signal with SNR higher than d 0,SNR , for given detector, are 

sensed with probabilities of detection greater than minD,P . Therefore, the lower d 0,SNR  

is, the more reliable the detector is (at least for higher SNR). Configuration information, 
selected detector and d 0,SNR  are saved into the knowledge base (Cf. Fig. 4). 
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Figure 4: Regulatory conformance checking 

 

 

Figure 5: Framework for the long-term process 



Project:  SACRA      
EC contract:  249060 

Document ref.: D3.2 
Document title:  Intersystem networking for sharing & cooperation 
Document 
version:  

2.0 

Date:  24/05/12 

 

Page:  25 / 83 

 

Figure 6: Example of knowledge base for algorithm selection 

 

4.4.3.3  Numerical examples 

Let’s consider a sensing node with two sensing algorithms: the energy detector and the 
cyclostationary feature detector.  

There are many ways to implement the cyclostationary detection algorithm. In our example, in 
order to show outcomes of the proposed sensing control, we implement the cyclostationary 
detection algorithm such that we have comparable computational complexity with the energy 
detection algorithm. Therefore, we use the Maximum Cyclic Autocorrelation Selection (MCAS) 
implementation [15]. The MCAS implementation of the cyclostationary detection compares the 
peak and the non-peak values of the cyclic autocorrelation function (CAF) to detect primary 
signals. A non-peak value of CAF is computed at cyclic frequencies between two consecutive 
peaks. The desired false alarm probability is obtained by setting the number of the non-peak 
values. In [15], it is showed that MCAS can control the false alarm probability under noise 
uncertainty and interference. The advantage of using the MCAS implementation of the 
cyclostationary detection is that it is faster with much less computational complexity than many 
other implementations, while achieving the same performance. We assume that the energy 
detector uses noise power estimation in another frequency band known to be free [14]. The 
licensed frequency band width is set to W = 7.61 MHz (e.g., the DVB-T in Europe). The sampling 
frequency is set to fs=W. The primary system uses an OFDM modulation with 1024 subcarriers, 
224 ms useful symbol duration and 224/4=56 ms cyclic prefix length. The sensing duration Ts, the 

noise estimation time, the minimum allowed detection probability minD,P , and the maximum allowed 

false alarm probability maxf,P are set in Table 1. In Fig. 5, we have plotted the detection probability 

versus the SNR for an energy detector with noise estimation times 5 ms and 5/30 ms, and for the 

MCAS detector. As one can see, the required d 0,SNR , to reach minD,P , maxf,P  and sT  for the 

MCAS is equal to -12 dB. Further, the required SNR is equal to -16 dB for the energy detector 
using 5 ms noise estimation time, and it is equal to -9.58 dB when noise estimation time is 5/30 
ms. Therefore, the energy detector is selected when noise estimation time is 5 ms, while MCAS is 
selected when the noise estimation is less or equal to 5/30 ms. The table 1 is an example of 
knowledge base that could be stored in the sensing node. One example of regulatory 
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conformance, related to the detection threshold, is -114 dBm for ATSC digital TV signals, averaged 
over a 6 MHz bandwidth, as specified is the FCC draft [12]. However, for larger bandwidth (e.g., 
7.61 MHz), the detection threshold has to be normalized accordingly (and it should be higher than -
114dBm). It can be easily computed that for a 7.61 MHz bandwidth, the detection threshold should 
be around -112.967 dBm. As stated above, to ensure that the current detection result conforms to 

the regulatory requirement, regulatory rbSNR (which is dynamically calculated, in each sensing 

period, using the noise power estimation) must be higher than the selected detector d 0,SNR
. 

Considering a cooperative sensing scenario, each sensing node should report to the master node 
its own sensing result together with the regulatory conformance indicator. In processing the various 
sensing results, the master node should rely more on the results which conform to the regulatory 
requirement than on the others.  

 
minD,P  

90% 90% 

 
maxfa,P  

10% 10% 

 
sT  

5 ms 5 ms 

 Noise estimation time 5 ms 5/30 ms 

 Selected detector ED MCAS 

 Required d 0,SNR  -16 dB -12 dB 

 Regulatory detection threshold -112.967 dBm -112.967 dBm 

 

Table 1: The Knowledge base for the energy detector (ED) and the MCAS-based detector. 

 

 

 

Figure 7: Probability of detection versus SNR for the energy detector, with two different 
configurations (noise estimation times 5 ms and 5/30 ms), and for the MCAS. 
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4.4.4 Conclusions 
We proposed a new sensing configuration scheme to enable dynamic selection between various 
sensing algorithms. The proposed selection is based on a long-term process (that is occasionally 
performed) to allow selecting the best sensing algorithm for given configuration settings. Besides, 
we proposed a dynamic regulatory body conformance checking method: the SNR required by the 
regulatory body is compared to the SNR required by the current selected detector to reliably detect 
the primary signal. The proposed solution allows helping cooperative sensing results processing 
and decision making by the way that each sensing node could perform the sensing with the most 
reliable algorithm, among various, and could report, to the master node, a regulatory conformance 
indicator together with the sensing result. 

 

4.5 PARTITIONING ACROSS BANDS ALGORITHM 
The SACRA CRRM System is composed of several resource management levels as depicted in 
Figure 2. Level 4 addressed in this section consists of partitioning users or their application flows 
into the appropriate subband and allocating the best possible resource blocks and carrier 
components to these flows. The initial partioning is governed by the rules and policies defined or 
imposed by the players or providers as described later in section 6.2.3. The focus here is on the 
partitoning algorithm itself in terms of problem formulation and modeling followed by a proposed 
solution to solve for the resource optmization at hand. A genetic algorithm approach is adopted to 
solve for the NP hard problem allocating LTE blocks to users in general and from multiple bands in 
paricular. The proposed solution is compared to two standards and well known and documented 
algorithms, the proportional fair and the score based. While the first favours fairness, the second 
puts emphasis on achieving higher rates for users at the expense of fairness. Comparison with 
these algorithms provides a good basis to assess the performance of the proposed SACRA 
partitioning across bands algorithm. The analysis and performance assessments are conducted for 
an LTE opportunistic use of TV spectrum for a PMSE scenario and for the coexistence scenario 
where secondary users share available white spaces. Errors in sensing primary presence are 
reflected by the notion of collisions of secondary users’ transmissions on resource blocks actually 
used by primary users.  

 

4.5.1 System model and problem formulation 
 

4.5.1.1 System model 

We consider the downlink of a cognitive radio system with a target cognitive base station (CBS) 
serving multiple cognitive radio users (CRUs) over frequency selective fading channels (see Figure 
8). Cognitive radio users can communicate with a target cognitive base station using the 2.6 GHz 
band and access opportunistically the 800 MHz band that can be occupied by a primary user (PU). 
For communication, we assume an LTE OFDM technology which means that each band is divided 

into 
1M  and 

2M  resource blocks, one set for each band. In addition, we assume that each CBS 

has perfect knowledge of the downlink channel state information (CSI) between itself and its 
associated CRUs. We further assume that the CRUs can sense the 800 MHz band and determine, 
using a sensing algorithm (provided by WP2), if a given resource block is occupied or not by a 

primary user. The sensing decision and the two probabilities of false alarm 
m

fap  and detection 
m

dp  

are transmitted to the CBS through a set of dedicated sub-channels. Let 
21,, MMK  denote the 

number of CRUs served by the target cognitive base station, the number of blocks in the 2.6 GHz 

band and the number of blocks in the 800 MHz band, respectively. Let vN  be the set of blocks that 
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are declared by the sensing algorithm as vacant (non-occupied by the PU). Let oN  be the set of 

blocks that are declared by the sensing algorithm as occupied by the PU. 

 

4.5.1.2 Cognitive user Throughput 

Let mkt ,  denote the throughput (note however that the actual assessment of performance is 

conducted on observed goodput) of user k  served by the target CBS using resource block m . 

Variable mkt ,  is given as follows:  

  mkmk Bt ,2, 1log= 
  

(12) 

where, mk ,  is the Signal to Interference-plus-Noise Ratio (SINR) of user k  on Resource block m . 

Its expression is given as follows:  

 
CR

m

PU

m

mkmk

mk
II

pg

2

,,

, =




 (13)

 

where gk,m is the channel gain from the target CBS to user k on resource block m. pk,m is the transmit 

power used by the target CBS in order to serve CRU k on resource block m. σ is the receiver noise 

standard deviation,  
PU

mI  and 
CR

mI  are respectively the interference power generated by the primary 
user and the neighbouring CBSs. 

 

The interference expressions are given as follows:  

 PaI mk

PU

m ,=
 

(14)

 

where, mka ,  is the channel gain from the primary user to the CRU k  on resource block m  and P  is 

the transmission power of the primary user.  

 mimi

Ni

CR

m HpI ,,=
  (15)

 

where, miH ,  is the channel gain from the interfering CBS i  to the target CBS and mip ,  is the power 

used by the CBS i  to transmit on resource block m . N  is the set of neighboring cognitive base 

stations. 
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Figure 8: SACRA scenario 

 

4.5.1.3 Confidence parameters 

Let mS  denote the real activity of the primary user: 1=mS  means that the primary user really 

occupies the resource block  21,Mm , 0=mS  otherwise. Let mŜ  be the decision taken by the 

sensing algorithm about the activity of the primary user in resource block m . 1=ˆ
mS  means that 

the sensing algorithm believes that the primary user occupies block m  and 0=ˆ
mS  otherwise. We 

recall that the sensing algorithm makes its decision with a certain risk which is characterized by the 

two probabilities 
m

dp  and 
m

fap . Let m  be the probability that a block m  is truly occupied by the 

primary user, given that the sensing algorithm identified it as non-occupied [16]. Its expression is 

given, using the Bayes' theorem, in terms of probability of detection 
m

dp , probability of false alarm 

m

fap  and the probability of presence of the primary user 
m

qp  as follows:  
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Similarly let m  be the probability that a block m  is truly occupied by the primary user, given that 

the sensing algorithm identified it as occupied [17]. The expression of m  is derived using the 

Bayes' theorem as follows:  
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where 
m

qp  is the probability that the primary user truly occupies resource block m . This probability 

depends on the activity of the primary user (type of traffic). 

 

4.5.1.4 Global throughput of a given user 

The global throughput of user k  served by the target CBS can be expressed as: 

 

     mkmkm

o
Nm

mkmkm

v
Nm

mkmk

M

m

k tLtLtLT ,,,,,,

1

1=

11=   
  (18)

 

where L  is the resource block assignment indicator. 1=,mkL  if resource block m  is allocated to 

user k  by the target cognitive base station. 0=,mkL  otherwise.  

 

4.5.1.5 Problem formulation 

The objective is to maximize the number of satisfied users in the system and minimize the 
probability to occupy (or assign) a resource block that is used by the primary user. The constrained 
optimization problem thus can be formulated as follows:  
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where M = M1+M2. 1C , 2C  are the constraints of the optimization problem.  

 

1C  means that the sum of the allocated power to all users in a given CBS is below the power 

budget Pmax of the CBS. Constraint 2C  means that a given block m  is allocated to at most one 

user in a given CBS. kf  is a satisfaction function.   1=kk Tf  if user k is satisfied.   0=kk Tf  

otherwise. For example, kf  can be a minimum rate requirement expressed as :  

 


 

otherwise

thTif
Tf

kk

kk
0

1
=)(

(20)

 

where kth  denotes the throughput threshold of a given cognitive user k . Since the problem 

formulated in (19) is a multiobjective optimization problem as optimizing one objective causes 
deterioration of the other, we propose to transform this problem to a single objective optimization 
problem by simply aggregating the two objectives using a weighted sum method. More importance 
can be given to a criterion by adapting the weights. The coefficient setting can be decided by 
network providers depending on their priorities. Thus the problem described in (19) is transformed 
as follows:  

 

     

 MmLC

PpC

LLTf

mk

K

k

max

mk

M

m

K

k

mmk

o
Nm

mmk

v
Nm

kk

K

k

1,1,:2

,:1subject to

11maximize

,

1=

,

1=1=

,,2

1=

1
















 (21) 

where  0,11  and  0,12   are the weights of the two objectives.  

The problem described in (21) is a Mixed Integer NonLinear Programming problem that is known 
to be NP-hard. In this work we propose to use a genetic algorithm to find a near optimal solution 
for it. The genetic algorithm based approach is described in the following section.  

 

4.5.2 Genetic algorithm based resource allocation 
 

To describe the GA based resource allocation we need to define the chromosome structure, the 
objective function used to assess the performance of a given chromosome and the variation 
operators such as mutation and crossover.  



Project:  SACRA      
EC contract:  249060 

Document ref.: D3.2 
Document title:  Intersystem networking for sharing & cooperation 
Document 
version:  

2.0 

Date:  24/05/12 

 

Page:  32 / 83 

 

4.5.2.1 Chromosome structure 

We represent a solution to a resource allocation request (chromosome using the GA terminology) 

by an array of 
21 MM   elements where blocks are aggregated in the GHz2.6  and MHz800  

frequency bands. Each element ][1, 21 MMm   in the array is a gene representing the identity of 

the user that will occupy the current block. The value of this element is set to zero if the block will 
not be allocated to any user. This last case corresponds, for example, to a high probability that the 
primary user occupies or will occupy the current block. In this situation the algorithm is better off 
not allocating the block to any request or user.   

 

For example, Figure 9 illustrates a solution in which blocks from two frequency bands are 
aggregated in subsets and allocated to several users. Each frequency band contains 4 resource 
blocks. In this example, cognitive users 1, 2 and 3 will occupy 3 (blocks 5, 7 and 8 in band 2), 2 
(blocks 1 and 3 in band 1) and 2 (blocks 2 and 4 in band 1) blocks, respectively. The rest of 
cognitive users are not served in this example. In addition, resource block 6 will not be allocated. 
Note that a user can also be allocated blocks from the two bands as the UE can use the two bands 
simultaneously or alternately. This depends of the type of application and its rate and QoS 
requirements. Note also that the allocations or aggregations can be contiguous and can be forced 
through a contiguous constraint. 

 

 

Figure 9: Chromosome structure 

 

4.5.2.2 Fitness function 

The fitness of a given chromosome is directly derived from the aggregation function described 
previously. 

 

4.5.2.3 Mutation operator 

The mutation operator is used to explore the set of solutions in order to find a near optimal 
solution. The mutation operator works as follows: first we select randomly a resource block from 

the current solution. Let m  be this block. If the selected block belongs to the GHz2.6  band 

(
1Mm  ) then we replace the identity of the user occupying it, with a random integer drawn from a 

uniform distribution in the interval  K1, . If the selected block belongs to the MHz800  band 

(
1> Mm ) then we replace the identity of the user occupying it, with a random integer drawn from a 

uniform distribution in the interval  K0, . Figure 10 illustrates the behavior of the mutation 
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operator. In this example, the resource block 2 is selected and the identity of the cognitive user to 
occupy this block is changed  from cognitive user 3 to cognitive user 4. 

 

 

 

 

Figure 10: Mutation procedure 
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4.5.3 Experiments 
 

A modified version of the simulator described in [18] is used to evaluate the performance for one 
target cognitive base station surrounded by six neighboring cognitive base stations acting as 
interferers (see Figure 8). The cognitive base station serves a set of cognitive users according to 
the given scenario. The channel model between a CRU and the target CBS uses as before 
macroscopic pathloss, shadow fading, and small-scale fading models. The interference caused by 
the primary user is seen as a collision. When the primary user and a cognitive user use the same 
resource block at the same time, the data contained in the current block is lost and a collision with 
the primary user is declared and counted as a block loss. The simulation parameters are illustrated 
in detail in Table 2.  

 

In these simulations only the component carrier of the primary user is evaluated to assess the 
performance of the algorithms. The other components correspond to a classical resource 
allocation problem in LTE that has been extensively studied and documented in the literature and 
does not reflect the cognitive resource allocation considered by SACRA. The behavior and 
performance of the genetic algorithm are observed and compared to the proportional fair and the 
score based algorithms. The tested algorithms use only the set of blocks that are declared as 
vacant (non-occupied by the primary user) by the sensing algorithm. The proportional fair exhibits 
good fairness characteristics at the expense of throughput or achieved users bit rates. The scored 
based on the contrary is known to be unfair but capable of achieving high rates for a few users at 
the expense of other users that will experience degraded performance and much lower rates. The 
score based monitors the users currently achieved rates to increase the rates of users lagging their 
target rates by allocating more blocks or resources to them. For users exceeding their expected bit 
rates at observation time (each TTI or allocation cycle), the score based reduces the current 
allocation to stay as close as possible to the just needed resource allocation.  

 

   Parameter   Signification  

 Component carrier bandwidth   5MHz  

 Thermal noise density   -174 HzdBm/   

 Simulation length   200TTIs  

 Inter CBS distance   m500   

 Macroscopic pathloss   128.1 + 37.6 log10(R)  

(R: distance between nodes) 

 Shadow fading   lognormal, space-correlated, 0= ; )10(= dB   

 CBS transmission power   43 dBm  

 CRUs position   Homogeneous. CRUs located in target sector only  

 UE speed   5 KM/h  

     0.05  

  21,     0.2,0.8   

 kth    sKbit/570   

Table 2: Simulation parameters  
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4.5.3.1 Scenario 1 (PMSE) 

In this scenario the primary user occupies 5 (n in general) contiguous blocks in the 800 MHz band 
at each time transmission interval. The position of the contiguous occupied blocks in the band is 
chosen randomly with an integer uniform distribution in the interval [1, 21], where 25 is the number 
of blocks in the 800 MHz band. The probability of presence, false alarm probability and detection 
probability are chosen randomly with a uniform distribution in the interval [0, 1]. In these 
simulations, the number of users varies in the range 1 to 40 with collected results for 10, 20, 30 
and 40 users. The genetic, the proportiononal fair and score based are compared in terms of the 
percentage of accepted users that fulfil their target bit rate requirements. 

Figure 11 shows the percentage of satisfied users for an increasing number of users in the system. 
Users are satisfied if they have achieved their desired or target throughput. More precisely, the 
goodput is the reported performance metric as only delivered blocks or acknowledged packets 
correspond to a successful transmission.  

 

Figure 11: Percentage of satisfied users in the system 

 

4.5.3.2 Scenario 2 (Coexistence scenario) 

This scenario corresponds to the case when the primary user can occupy any of the resource 

blocks belonging to the 800 MHz band with a probability of presence 
m

pq  generated randomly from 

a uniform distribution in the interval [0, 1]. In addition, the two probabilities of false alarm and 
detection are chosen randomly with a uniform distribution in the interval [0, 1]. In these simulations, 
the assessment is conducted for 5, 10 and 15 users. The performance of the genetic algorithm is 
again compared to the proportional fair and the score based algorithms. Figure 12 shows the 
percentage of satisfied users in the system. 
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Figure 12: Percentage of satisfied users versus number of accepted users (coexistence scenario) 

 

4.5.3.3 Analysis of the results 

The simulation results show that the genetic algorithm performs consistently better that the other 
two algorithms and exhibits much smoother degradation for an increasing number of users. This 
expected robustness motivated initially the selection of a genetic algorithm implementation to solve 
for the optimisation problem expressed in equations 19 and 21. 

 

The genetic algorithm can satisfy more users by exploring more effectively the available resource 
space, accept more users or achieve higher rates for the same number of accepted users. In the 
PMSE scenario, the genetic algorithm improves the percentage of satisfied users by approximately 
15% and 30% compared respectively to the proportional fair and score based algorithms. In the 
coexistence scenario, the genetic algorithm improves the percentage of satisfied users by 
approximately 10% when the number of users in the system is relatively high. These performance 
results in favour of the genetic algorithm led us to pursue the investigation by adding learning of 
the probably of presence of the primary system to this algorithm. Note that the signalling overhead 
is marginal for this algorithm as no actual information needs to be explicitly exchanged. The 
decision data is in a by product of the feedback received from the receivers on allocated resource 
blocks already an integral part of the LTE systems. There is no additional signalling for this level 4 
RRM scheme in the SACRA CRRM system. The extra signalling (the so called background traffic 
for the cognitive part) load is already taken into account in the sensing system, the sensing 
configuration and the cooperative power setting algorithms where most of the overhead is found. 
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5 INPUT AND OUPUTS OF CRRM ALGORITHMS AND 
INTEGRATION IN CRRM SYSTEM 

This section focuses on the input information or parameters required by each proposed CRRM 
algorithm and their outputs. The section also explores how the algorithms can be combined to 
contribute to the overall SACRA CRRM framework. 

 

5.1 INPUT AND OUTPUT OF THE HIGH LEVEL CRRM PARTITIONING 
OF TRAFFIC AND APPLICATIONS FLOWS INTO AGGREGATED 
BANDS 

Inputs/outputs for the high level traffic/application flow partitioning (2.6 GHz and 400 to 800 MHz 
bands) algorithm in SACRA CRMM are given in this section. This algorithm splits the requests 
according to applications quality of service requirements integrated in an objective function aiming 
at maximising user satisfaction as defined in M3.2. The diagram is meant to identify possible 
combinations with algorithms from WP3 partners. 

 
Description of the parameters 

Inputs: 

- Sm : Decision of the sensing algorithm (Sm = 1 if the sensing algorithm believes that the 

resource block m is occupied by a primary user, Sm = 0 otherwise). 

- Pm
fa : Probability of false alarm 

- Pm
d : Probability of detection 

- G:  Channel gain from the TV tower to the TV broadcaster (primary user). 

- gk,m: Channel gain from the cognitive base station to the cognitive radio user (CRU) k on 

block m. 

- hk,m:  Channel gain from the cognitive base station to the primary user. 

- Hl,m:  Channel gain from an interferer cognitive base station l to the target cognitive base 

station. 

- ak,m:  Channel gain from the TV antenna to the cognitive base station k. 

- γkm : Signal to Interference-plus-Noise Ratio of user k on block m 
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Outputs: 

- Lk,m : Allocation matrix (Lk,m = 1 if block m is allocated to cognitive radio user k, Lk,m = 0 

otherwise ). 

- pk,m : Transmission power that will be allocated to cognitive user k on block m. 

Assumptions 

In this scenario we consider the downlink of a cognitive radio system with one target cognitive 
base station (CBS) and K cognitive radio users (CRUs) over frequency selective fading channels.  
Cognitive radio users can communicate with the target base station using the 2.6 Ghz band and 
access opportunistically the 800 MHz band that can be occupied by a primary user (PU). For 
communication, we use the OFDM technology which means that each band is divided into M 
resource blocks. In addition, we assume that the target CBS has perfect knowledge of the 
downlink channel state information (CSI) between itself and the CRUs, and between itself and the 
primary user (PU). We further assume that the CRUs can sense the 800 MHz band and determine, 
using a sensing algorithm, if a given resource block is occupied or not by a primary user. The 
sensing decision and the two probabilities of false alarm and detection are transmitted to the CBS 
through a set of dedicated sub-channels.   

 

5.2 INPUT AND OUTPUT OF THE SECONDARY USERS COOPERATIVE 
POWER CONTROL ALGORITHM 

Inputs/outputs for the cooperative power control algorithm in SACRA CRMM. The algorithm is 
described in detail in D3.1 and further extensions are described in M3.2. The diagram is meant to 
identify possible combinations with algorithms from WP3 partners. 

 

Scope 

The proposed solution concerns a cooperative power control algorithm. The objective of the 
proposed scheme is to achieve a balance between the achieved bit rate and the negative effect a 
node has to its neighboring ones. The algorithm has been described in details in D3.1. Extensions 
of the algorithm so as to treat users in a fair way have been provided in M3.2. Potential extensions 
regarding introduction of learning capabilities (by using data mining techniques) in the cooperative 
power control scheme may be provided in D3.3. The rest of this document describes the inputs 
and outputs, as well as the assumptions of the proposed cooperative power control scheme. 

 

Figure 13: Input/output Diagram for deliverable D3.2 as per agreement during last WP3 audio 
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Description of the parameters 

Inputs: 

- Tx Power : Transmission power level of a user 

- Hii : link gain between ith transmitter and ith receiver 

- Hji : link gain between jth transmitter and jth receiver 

- Node pairs, Update interval and Mobility Level are the inputs for the fuzzy reasoner that is 

utilized to avoid the underestimation of interference prices. 

Outputs:  

- Adjusted Tx Power : The new Tx Power of the user i 

Assumptions 

In the proposed scheme we assume the presence of several user equipments. The scenario 
examined and the assumptions taken into account regarding LTE operation over TVWS are 
described here. LTE UEs act as secondary users in the TVWS. The purpose of this opportunistic 
extension is to ensure higher cellular coverage and capacity. Therefore, the network extends its 
capacity by upgrading its base station (LTE eNB) to support the TVWS band. More analytically, a 
mobile operator opportunistically utilizes TVWS for expanding its operation. However, in the future 
it is expected that multiple mobile operators will share TVWS for their opportunistic operations. For 
example, as depicted in Figure 14, operator LTE (A) extends its operation band in (vacant) TVWS 
and so does another mobile operator, named LTE (B). Therefore, two operators share TVWS for 
secondary usage. 

 

 

Figure 14: Two LTE operators sharing TVWS 

 

The scenario examined is depicted in Figure 15. Two different LTE operators (served by eNB (A) 
and eNB (B) with three and two serving UEs respectively) are assumed to operate in TVWS in a 
specific geographical area where no primary (TV transmitters) users are found. Since no primary 
users are found in this area, the cooperative power control algorithm aims at: 

 Optimally managing the (limited) power resources of UEs 

 Limiting interference caused to (possible) other cognitive radio networks in the area 

 Ensuring that aggregate interference is not harmful for adjacent channels (with primary 
users) 

 Securing a lower bound of QoS (in terms of SINR) for the LTE UEs 
 
In other words, the main scope of the proposed power control scheme in LTE uplink is to limit inter-
cell interference while respecting minimum SINR requirements based on QoS constraints and UE 
power capabilities. 
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Figure 15: Examined Scenario 

Uplink is the main focus since we examine the optimal power required for transmitting the 
interference prices in the network. It is worth mentioning that no interference is assumed for the 
UEs belonging to the same operator and are located in the same cell, due to orthogonal channel 
allocation. However, the use of the same channel in different cells is possible and could lead to 
Inter Cell Interference (ICI). This means that when a UE that belongs in a certain cognitive group 
(LTE cell of an operator) transmits, its signal is not interpreted as interference for the rest UEs of 
that cell, but only for the neighboring UEs belonging to different cell areas-cognitive groups. This is 
due to the fact that LTE uplink is orthogonal and therefore no intra-cell interference is caused, 
although a margin is still needed for the other cell interference (inter-cell interference). 

 

5.3 INPUT AND OUTPUT OF THE DISTRIBUTED USER SELECTION 
ALGORITHM 

The distributed secondary user selection and access control algorithm of section 4.2 assumes a 
number of parameters to be available as inputs to produce a resource allocation ensuring 
minimum experienced outage probability by primary users. A number of inputs are actually 
required to configure and set the values and variables of the algorithm itself. The input data 
needed for the algorithm initialisation and calibration are:   

 Primary users transmitted data rate 

 Maximum outage probability 

 Tx antenna gain 

 Rx antenna gain 

 Thermal noise power 

 Maximum transmission power 

 Ambient temperature 

 Equivalent bandwidth 

 Signal to noise ratio 

 Average gain over all users 

 Channel gain between the base station and users 

 Maximum number of cognitive users 
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Inputs from sensing unit are also required for the algorithms to run. These are key parameters and 
variables that need to be made available to most if not all the algorithms in the SCRA CRMM 
levels depicted in Figure 2. These central parameters are the: 

  False alarm probability 

  Detection probability 

that originate from the sensing algorithms and pass through the sensing configuration unit where 
pre-processing may occur. The algorithm required access to the raw and pre-processed data to 
confirm or infirm the sensing configuration control. 

 

The outputs of the outage probability based resource allocation algorithm are the  

 Active secondary users 

 Received power from all possible transmissions 

 and the outage probability that determines if the target objective is fulfilled or not. 
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6 INFORMATION EXCHANGE AND COOPERATION  

This section analyses the physical and logical structure of LTE to identify control channels where 
key information can be exchanged and transported for cognitive operation. This is especially 
described and conducted in section 6.1. Section 6.2 is dedicated to the information model and 
policies (levels 6 and 5 in Figure 2) that are used to drive the various algorithms in the SACRA 
systems (depicted in levels 4 through 1 also in Figure 2). Each algorithm is than analysed in terms 
of their specific driving rules and policies in subsection 6.2.3. Finally, section 6.3 assesses the cost 
of the information exchange for the algorithms where the overhead needs to be estimated and 
evaluated as it has non negligible impact on the overall resource budget consumption when gains 
and costs of cognition are both taken into account. 

 

6.1 CANDIDATE CHANNELS FOR INFORMATION EXCHANGE 
The exchange of information and cooperation between the terminals and the base stations in the 
SACRA carrier aggregation use case will rely on the 2.6 GHZ LTE-A band physical and logical 
channel structure. The cognitive SACRA terminals will use the WP2 algorithms to sense a specific 
list of sub bands received either through the broadcast or the multicast channels. The initial list is 
decided by the higher level rules and policies at the very start. This list can be tuned or modified 
through the sensing configuration system or as a result of CRRM decision making if a need arises. 

Hence, we expect the overall CRRM system to interact with the LTE RRC and RRM and MAC to 
achieve in-band exchange of information between terminals themselves, terminals and base 
stations. 

 

The terminals will use existing LTE channels to report their measurements on the uplink just like 
they conduct Channel Quality Indicator (CQI) Reports in LTE. Except that additional bands, carrier 
components and sub carriers need to be scanned in the potentially free bands in the 800 and 400 
MHz bands.  

 

Periodic CQI data is carried over the PUCCH (Packet Uplink Control CHannel). The PUCCH uses 
few bits to ensure swift and immediate decoding when the UE is not scheduled for transmission. 
Scheduled UEs can send their CQI reports over the PUSCH (Packet Uplink Shared CHannel) that 
uses more bits and is decoded over several transmissions. The CQI reporting channels have a 
flexible structure and have been left deliberately open to implementers to enable differentiated and 
future use. This flexibility provides SACRA with the opportunity to find or select the most 
appropriate organisation for reporting sensing dedicated to the sensing of free bands and unused 
resources for resource aggregation by the algorithms presented in section 4. 

 

Using the PUCCH and PUSCH structure from the LTE band means that all terminals actually 
report sensing results to the base station. The results are sent to the SACRA sensing configuration 
and control system for further processing. The actual data that needs to be sent to each 
component of the block diagram in Figure 2 are described in section 5. The main data that needs 
to be sent to these blocks are the probability of correct detection of primary user presence in the 
shared and white bands and the probability of false alarm both derived from the reported sensing 
results coming from the sensing unit.  

 

Other parameters listed in section 5 are essentially internal to the SACRA CRRM system, the 
exception is the cooperative power control algorithm proposed to tune secondary users’ power 
setting that have been allowed to enter the system and selected to benefit from carrier aggregation 
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to achieve their throughput. Since this algorithm assumes that the terminals will actually exchange 
their observed or experienced utility a periodic and regular transmission on the downlink for these 
terminals will be required. Even if piggy backing on the downlink control and notification channels 
is possible, this may require an overlay of a logical channel organisation on the actual LTE-A 
downlink logical channels organisation. For the time being it is assumed that a dedicated physical 
channel need not be set aside to enable this exchange of information and that it is possible to 
multiplex the transmissions on available downlink control channels.  

 

Obviously the amount of data that needs to be exchanged will generate overhead on these 
channels and additional physical channels provisioning may be required. A channel dimensioning 
study is required to assess more exactly the amount of resources that need to be set aside for this 
dedicated signalling for this specific algorithm. Another alternative is to isolate a subset of the 
OFDM carrier and sub carrier structure for this dedicated cognitive radio signalling. The amount of 
needed resources to enable this exchange of information has to be estimated and removed from 
the available resource budget for data plane or user plane information exchange. Another 
possibility for sending sensing results from each terminal to the base stations is the HS-PDCCH 
that sends CQI information to eNodeB if HSPA is targeted for carrier aggregation.  

 

Terminals that have established a link on the 2.6 GHz band and are active that may seek 
additional resources to achieve their target rates or performance can also benefit from the 
allocation of a dedicated control channel to exchange information with their base stations. So for 
UEs that are in RRC Connected mode a signalling radio bearer is already established with variants 
that can be used by SACRA CRRM to ensure exchange of information over the downlink. 

 

For UEs or terminals that have not established any RRC connection and are relying on uplink 
shared channels or uplink random access channels to transmit their sensing reports there is no 
dedicated signalling possible. These terminals are in RRC-idle mode and there is no signalling 
radio bearer established. Hopefully, the availability of the DL-SCH enables the base stations to 
communicate with the cognitive terminals since the DL-SCH can be used to broadcast data in 
entire cell. A multicast channel is also available to address these terminals as well. 

 

As of now, SACRA assumes that the terminals will send the sensing measurements to the base 
stations and will do the same for data that needs to be exchanged for cooperative power control 
and setting of secondary users. The same applies for terminal estimated channel gains between 
the base station and users. 

 

Beyond the autonomous decision making, resource allocations and carrier aggregations that may 
be attempted or sought by each base station independently, there is a need to coordinate the base 
stations and exchange information between the base stations to control the inter cell interference 
and avoid collisions in their attempt to opportunistically capture unused carrier components in 
bands of primary users.  

 

This type of data exchange occurs over the X2 interface that will also be used by SACRA in a 
multiplexed or piggy back mode to exchange data and views between the base stations for 
coordinated or joint CRRM. This will typically occur with the use of higher level algorithms located 
in levels 4 and 5 of Figure 2. The genetic algorithm proposed in 4.5 for resource allocation in a 
base station based on application and user satisfaction in the outer loop can easily be duplicated in 
a joint RRM (JRRM) module to coordinate a set of geographical co-located or adjacent base 
stations or cells. This algorithm relies on knowledge of resource blocks matrices providing 
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availability status of each block indicating if a resource block is currently used by a primary user 
either in a hard or soft decision manner. Indicating that the block is believed used or not for the 
hard decision case or weighted by metadata containing soft information (the probability of false 
alarm and the probability of primary user detection estimates reported by WP2 sensing algorithms 
augmented possibly by the sensing configuration system assessment of ambient noise floor for the 
sensing algorithms).  

 

The X2 interface already plays a key role in LTE and provides valuable functions that SACRA will 
rely upon and investigate to reuse. The list of functions on the X2 interface is the following: 

 Intra LTE-Access-System Mobility Support for ECM-CONNECTED UE ensuring: 

o Context transfer from source eNB to target eNB 
o Control of user plane transport bearers between source eNB and target eNB 
o Handover cancellation 
o UE context release in source eNB 

 

 Load Management 

o Inter-cell Interference Coordination 
o Uplink Interference Load Management 
o Downlink interference avoidance 
 

 application level data exchange between eNBs. 

 

It is sufficiently clear from this list that the X2 interface is the appropriate vehicle for the SACRA 
cognitive and cooperative sensing and resource management data exchange across base stations 
and across systems. When such an interface is not in place between different operators and 
systems, each domain must rely on their internal S Interfaces to reach the other domains via the 
core network and the backbone. This would apply over much larger time scales of the orders of 
tens of seconds to coordinate base stations belonging to different providers and are out of the 
scope of SACRA WP3. 

 

6.2 INFORMATION MODEL FOR POLICIES 
SACRA WP1 has already specified the Information Model as a complement to the system 
architecture definition; SACRA’s information model provides an abstraction of the main SACRA 
managed entities and resources in a cognitive radio environment. 

This document is going further in this working item and aims at linking the networking resources 
which are managed and optimised by SACRA’s mechanisms and algorithms to corresponding 
policies which are applicable to those entities and resources. 

 

6.2.1 Policy and Policy modelling  
The concept of “Policy” stands for the counterpart of the contextual information that is required to 
model the behaviour of the entities within a managed environment. Context conceptualizes 
entities, actors and interactions; policies, are used for abstracting specific actors’ goals, and 
objectives in various levels, business, technical and administrative. In this sense, a Policy Model 
abstracts the various types of policies in the SACRA ecosystem, the actors defining the policies, 
certain types of policies (instances of the policies archetypes) and their interrelations can be 
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considered as complimentary to the SACRA information model which is being developed within 
WP1. 

In P1900.4 [19] policies are specified following the “Event-Condition-Action” (ECA) approach. In 
this approach ECA rules specify the Action(s) to be performed when a certain Event occurs and 
the specified condition is satisfied. On a conceptual level the following policy specification applies: 

 

On <Event> if <Condition> then <Action> 

 

Policy modelling has been based on the IEEE P1900.4 Policy and Information model [19] and 
includes: 

 The actor within the SACRA ecosystem which is responsible for policy derivation 
(e.g. Network Operator); 

 The actor within the SACRA ecosystem whose objectives are subject to policies 
(e.g. Primary User, Secondary User, ...), 

 The different types of policies which have been defined inside the project,  

 The networking resources which are subject to policy enforcement; for this specific item, 
the policy model is interrelated to the project information model. 

 

6.2.2 Algorithms in the SACRA CRRM System 
The list of algorithms included in the CRRM system as presented in Figure 2 is given below: 

o Higher-level application and flow partitioning algorithm that aims at partitioning flows across 
combined or aggregated spectrum bands, 

o Distributed primary users and secondary users spectrum access control and power setting 
based on a probability of outage criterion in terminals, 

o Secondary users cooperative power control in shared bands to optimise secondary users 
utility, 

o Sensing configuration and sensing control applicable to sensing mechanisms as developed 
within WP2. 

The following sections (i.e. 6.2.3.1 to 6.2.3.4) present the information model for the policies 
identified for each one of the above algorithms. Finally, section 6.2.4 presents the overall 
information model capturing the different types of policies which are applicable to network and 
network elements within SACRA scope. 

 

6.2.3 SACRA Policies 
 

6.2.3.1 Flow Partitioning Policy 

Flow Partitioning (FP) Policy is issued by the Network Operator and is applied to Base Stations 
(eNodeBs). Such FP policy includes: 

 The authorised bands and carriers, 

 The maximum number of carriers allowed for a single user or application (limit per sub-
band or limit in total resource aggregated from all bands), 
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 Percentage of secondary users that must be satisfied. This corresponds to the proportion of 
secondary users allowed to use spectrum opportunistically and meet their application 
throughput and QoS requirements   

 The maximum acceptable interference or degradation by primary and secondary users; this 
can be 

o acceptable outage probability of primary users,  
o SINR targets for primary and secondary users, etc. 

 Application requirements regarding throughput and maximum delays, 

 Fairness across users in terms of  
o mobility patterns,  
o applications and coverage range (in terms of QoS such as SINR, throughput, 

delays) 

The following diagram depicts the corresponding policy model for this specific policy. 

 

Figure 16: FP Policy Model 

Figure 16 depicts the flow partitioning policy model that puts emphasis on frequency bands 
authorised for regular and opportunistic use by secondary users and the protection criteria for 
primary users. Figure 17 provides the Message Sequence Chart for the flow partitioning algorithm 
in line with the policy model. The MSC combines the influence of the policy model on the 
partitioning and the steps used by the partitioning into bands of application flows by the proposed 
algorithm described already in section 4.5. 
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Figure 17 Message Sequence Chart for the Flow Partitioning Policy and Algorithm 

 

6.2.3.2 Spectrum Access Control (SAC) Policies 

Two categories of policies are identified:  

1. PU policies including: 
a. the primary capacity: This policy ensures that the maximum capacity of the PU 

resulted from the SUs transmission is no greater than some prescribed threshold.  
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b. the outage probability: The notion of information outage probability, defined as the 
probability that the instantaneous mutual information of the channel is below the 
transmitted code rate. A cognitive transmitter can adapt its transmit power P within 
the range of [0; Pmax] to fulfill the following two basic goals: 

i. Self-goal: Trying to transmit as much information for itself as possible, 
ii. Moral-goal: Maintaining the primary users' outage probability unaffected. 

c. the interference outage: The CR specific metrics related to how well the CR is able 
to avoid PU and the efficiency in using available spectrum. This will require a model 
for PU dynamics, such as disappearance and reappearance time intervals, the 
amount of spectrum being used and the strength and location of the PU. 

2. SU’s policies including 
a. SU’s capacity: maximize the capacity of each secondary user expressed as a 

function of interference from primary and all other secondary users 
b. SU’s sum capacity: maximize the cognitive capacity while minimizing the 

interference to the primary users in a distributed fashion. 
c. the interference power: minimize the interference power generated by the primary 

user and the neighbouring CBSs 
d. and fairness: every station in the CRN transmits as much data as possible and the 

throughput is calculated for each of them. Both the total throughput and fairness 
(differences in the throughput achieved by individual stations) are of interest. 
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Figure 18: SAC Policy Model. 

 

6.2.3.3 Policies for the Cooperative Power Control algorithm 

Three types of policies are identified policies as follows: 

1. Fairness: Cooperative Power Control algorithm guarantees interference mitigation and 
network performance optimization. This behaviour leads to undesired side effects (i.e. a 
portion of cognitive users will be obliged to transmit in low power values). Network operator 
could decide to enforce a fairness policy in order to allow these users to transmit in higher 
power levels. 
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2. Convergence Time: Rapidly reallocated spectrum resources and battery consumption of 
the cognitive users suggest an urgent need for algorithms that converge quickly to a steady 
state. Although algorithm in [4] is proved to converge, there is not any assumption about 
the number of steps that are needed. Outer loop could decide to enforce a policy for faster 
convergence. 

3. QoS: From the perspective of network operators a lower bound on performance for 
cognitive users is often required. SINR is a primary factor of the actual QoS the cognitive 
user is experiencing. This factor expresses the influence of undesired signals at the 
receiver and indicates whether a transmission was successful. For this purpose network 
operators enforce a threshold value for SINR. We must examine how this threshold reflects 
the overall network performance to assess this policy. 

 

Figure 19: CPC Policy Model. 

Figure 19 provides the Cooperative Power Control policy model; as depicted the three identified 
policies conform to the generic policy rule scheme. Figure 20 captures the message exchange 
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between the functional blocks of the SACRA functional architecture [20]. More specifically, the UE 
cognitive engine communicates to the corresponding BS cognitive engine for the cooperative 
power control functionality. Periodically, the BS cognitive engine interacts with the (local) policy 
engine in order to identify whether the CPC scheme conforms to the enabled policies 
(i.e. Fairness, Convergence Time, QoS). The Policy Engine provides such information and the BS 
cognitive engine forwards the decision to the UE cognitive engine. 

 

 

Figure 20: Message Sequence Chart for the Cooperative Power Control algorithm 

 

6.2.3.4 Rules and policies for sensing configuration 

The following policies have been identified for governing the sensing configuration and control 
mechanisms: 

1. Sensing Time: depending on the detection probability provided by the master node, the 
outer loop estimates the sensing convergence time to reach a target probability of 
detection. The sensing time is a function of the number of samples and hence depends on 
the target detection probability.   

2. Sensing Periodicity: while using a white space, the secondary system should continue to 
periodically sense the band (e.g., every Tp) because a primary user can start transmitting 
at any time. The sensing period, Tp, determines the maximum time during which the 
secondary user will be unaware of an incumbent apparition and hence may harmfully 
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interfere with it. Therefore, the sensing period is related to the maximum acceptable 
decision delay, and therefore to the quality of service (QoS) degradation of the incumbents.  

3. Maximum False Alarm Probability: a false alarm occurs when the secondary system 
declares a primary signal presence while all primary transmissions are off. In the case of 
false alarm, the secondary system should not transmit because it should assume that the 
frequency band is occupied. Therefore, the maximum false alarm probability affects the 
mean throughput of the secondary system.  A lower false alarm probability implies a higher 
mean throughput of the secondary system, and hence a higher QoS.  

4. Fusion Rule: in cooperative sensing, the master node is in charge of making fusion of the 
sensing results from all the cooperative nodes.  Hard decision and soft decision rules are 
two common fusion rules.  

a. For hard decision, the sensing nodes send to the master node the observation 
results which are hard information (“free band” or “occupied band”), while, 

b. In soft decision rule, the observation results are soft information (e.g. test statistics). 
There are various hybrid decision rules based on hard and/or soft decision rules.  

One example of decision rule is the following: the master node decides that the band is free if only 
K of the N nodes obverse the same result, otherwise it decides that the band is occupied.  The 
number K of nodes depends, in particular, on the reliability on the nodes observation. 
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Figure 21: Sensing Configuration Policy Model. 

 

Figure 22 captures the message exchange between the functional blocks of the SACRA functional 
architecture [20] for the sensing configuration module and depicts the relationship that links the 
policy engine in the outer loop with the policy engine and reasoning engine in the base station as 
well as the sensing system in the user terminals. The configuration of sensing parameters to 
control and adapt sensing efficiency, granularity and cost of sensing is central to this policy and 
rule control message sequence chart. 
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Figure 22: Message Sequence Chart for sensing configuration policy and rule control 

 

6.2.4 Overall Policy Information Model 
 

Figure 23 presents the overall policy model capturing the different types of policies which are 
applicable to network and network elements within SACRA scope. Policy Model uses concepts as 
developed within SACRA information model regarding the network resources which are subject to 
policy enforcement (See Deliverable D1.1 v2.0 [20]), and, therefore, can be integrated with the 
information model. The figure depicts: 

 The inheritance of SACRA Policies from IEEE P1900.4 Policies – stereotyped as 
<<P1900.4>> for reference – which are based on the Event – Condition – Action (ECA) 
form. Certain attributes inside each policy classes can be assigned as events and 
conditions; actions are related to each of the mechanisms operations. 

 The SACRA Policies stereotypes as <<SACRA>> for clarity. Each SACRA Policy is “type 
of” P1900.4 policy and further extends the parent class, 

 The network resources which the various SACRA policies apply to (i.e. Base Stations and 
User Equipment), in this sense association “applies to” has been included in the model.  

 The Policy “Issuer” which for the SACRA scope is the Network Operator. 
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Figure 23: Overall Policy Model. 

 

6.3 ASSESSMENT OF BACKGROUND TRAFFIC 

6.3.1 Secondary user access control policy specification and 
quantitative results  

Under the scheme presented in Section 4.2, we allow secondary users to transmit simultaneously 
with the primary user as long as the interference from the secondary users to the primary user that 
transmits on the same band remains within an acceptable range. Specifically, we impose that 
secondary users may transmit simultaneously with the primary user as long as the primary user in 
question does not have his QoS affected in terms of outage probability. We consider that primary 
users operate at a desired rate (depending on their respective QoS demands). Based on primary 
users channel statistics, we determine the outage failure, in other words the probability that the 
primary users of interest is actually under that rate. From a practical point of view, the outage 
probability as well as the requested rate can be broadcasted before the start of the communication 
by the primary system base station, and is used as a preamble for the primary users to get 
informed which data rate is requested. This preamble can also be overheard by secondary users 



Project:  SACRA      
EC contract:  249060 

Document ref.: D3.2 
Document title:  Intersystem networking for sharing & cooperation 
Document 
version:  

2.0 

Date:  24/05/12 

 

Page:  56 / 83 

who can then learn about these performances metric values. We will give in this section a fist 
evaluation of the proposed user selection algorithm in terms of power control, QoS management 
and throughput. We will describe how policies are actually specified and some quantitative results. 
 
Power Control: The motivation behind the user selection technique is that, by opportunistically 
adapting their transmit power with the guide of the binary power allocation policy SUs can 
maximize the achievable sum rate under the constraint of maintaining the outage probability of the 
PU not degraded. Therefore, we use a simple binary power allocation control: the power pm of the 
m-th SU transmitter is selected from the binary set {0, Pmax}. The proposed strategy tries in a first 
step to maximize the system throughput and to satisfy the signal-to-interference ratio (SIR) 
constraint. In the proposed user selection algorithm, SUs are first pre-selected to maximize the 
per-user sum capacity subject to minimize the mutual interference. Each SU verifies the SIR 
constraint and remains active or inactive during the next time slot: if the SU is active, he is allowed 
to transmit with a power pm = Pmax, else pm = 0.  
 
QoS management: Our main contribution within the proposed idea is the QoS management of the 
CR system. As detailed in Section 4.2, we guarantee a QoS to PU by maintaining the PU’s outage 
probability unaffected in addition to a certain QoS to SUs and ensuring the continuity of service 
even when the spectrum sub-bands change from vacant to occupied through outage probability 
control. 
 

q 1% 3% 5% 10% 100% 

Average of the number of active SUs 1.5 5 6.02 6.9 7 

 
Table 3: QoS management 

 
In Table 3 we summarize the number of active SUs versus the maximum outage probability q (i.e. 
the absolute limit) ranging between 0.001 and 1. From this results, we remark that, increasing the 
maximum outage probability produces improvements in the number of active SUs: for a maximum 
outage probability equal to 3%, the number of allowed SUs to transmit is equal to 5 and for 
q = 100%, the number of active SUs is equal to the maximum number of SUs; as the number of 
SUs increases, the number of active SUs keeps constant due to the influence of interference 
impairments on the PU’s QoS. This tends to confirm the intuition from formula (20) where the 

number of active SUs is always upper-bounded by  in the distributed case, and PU outage 
probability protection given by the maximum outage q. From the presented results, we verified that 
we can maintain a QoS guarantee to the PU. 

q 1% 3% 5% 10% 60% 100% 

Average sum rate (Mbit/s) 124.2 213.7 264.1 411.8 736.5 736.5 

 
Table 4: Average sum rate 

 
The throughput: Table 4 presents the average sum rate computed for different values of 
maximum outage probability q. From Table 4 we remark that increasing maximum outage 
probability threshold increase in sum rate because the increase in degree of freedom more than 
compensates for the decrease in SINR due to interference. However, reaching a certain value of 
maximum outage probability threshold, the sum rate stabilizes. From Table 4, we can remark that 
for a maximum outage probability higher than 60%, the average sum rate is maintained at 736.5 
Mbit/s. In addition, the current results claim that in CRN, when one attempts to maximize the 
number of active SUs (i.e. the outage probability threshold), the cognitive rate degrades 
asymptotically. Typically, there is a fundamental trade-off between sum rate maximization and 
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number of active SUs maximization [1][2]. We will give in M3.3 and D3.3 more simulation results 
proving these first interpretations. 
 

6.3.2 Assessment of background traffic for the Cooperative Power 
Control algorithm 

As thoroughly desribed in section 4.3 the proposed Cooperative Power Control algorithm is based 
on information exchange among the users. Such information exchange follows the scheme 
depicted in Figure 24; the users exchange  information through the eNodeBs. More specifically the 
following asynchronous steps that will enable the functionality of the algorithm have been 
identified: 

 Each user disseminates its transmission power as well the interference it perceives from 
other users, 

 Each user receives from the eNodeB a message with the interference prices of the other 
users that are present in the area under consideration, 

 eNodeBs exchange information probably through the X2 interface. 

 

 

Figure 24: Message exchange scheme of the Cooperative Power Control Algorithm 

 

For this study a scenario of 10 cognitive users operating under different operators has been 
examined and the number of messages needed to be exchanged for the execution of the algorithm 
has been extracted. The total number of messages is given by the following equation: 

 # # * # 1 3*# * _Messages eNodeB eNodeB users convergence time    

Equation 1: #messages required for the Information Exchange scheme of the Cooperative 
Power Control algorithm 

where, 

 #eNodeB = total number of base stations 

 #users = total number of users. 
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In the identified case two types of message exchanges exist; the one among terminals and the 
eNodeB they are assigned to (through LTE channels) and the one among eNodeBs (probably 
through the X2 interface).  

 

The first part of Equation 1 captures the messages exchanged among eNodeBs, while the second 
part is related to the number of messages required for the communication among terminals and 
base stations. In the identified test case the total number of base stations is equal to the number of 
users, as we have assumed that each user is operating under different operator.  

Thus, in our case we have examined the existence of 10 eNodeBs in the area. This is an extreme 
scenario, so the results regarding the total number of messages are expected to be high. Each 
eNodeB needs to communicate with all the other eNodeBs. Each user periodically sends a request 
to the eNodeB upon which it is assigned and receives a response with the Interference Prices of 
the other nodes. Also, it sends periodically (but with a different period) another message to the 
eNodeB that contains its transmission power and its interference price. 

As it is apparent from Equation 1 the total number of messages is dependent on the mean time 
required for convergence. In this study we have considered that a single step of the iterative 
process of the algorithm is the key metric to measure the time required for convergence. Figure 25 
highlights the mean number of steps required for convergence for 10 random topologies and 
Figure 26 shows the number of messages that are exchanged for these topologies. 

 

 

Figure 25: Mean #steps for different values of users and various topologies 
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Figure 26: Messages exchanged 

 

Further performance evaluation of the cooperative power control algorithm message exchange 
scheme (i.e. evaluation of cases with different number of users) will be conducted and the results 
will be reported in a subsequent deliverable in WP3 context. 
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7 SACRA CCRM COORDINATED DECISION MAKING, 
LEARNING AND REASONING  

Learning and reasoning combined with optimisation is also a viable approach for some of the 
SACRA RRM algorithms, especially the cooperative power control algorithm that can learn the 
most appropriate power setting through reinforcement techniques. As decisions are taken through 
the use of the algorithms, the effect can be observed and classified to tune future decisions. 
Learning can be used for instance to make future decisions based on past outcomes resulting from 
past explorations and decisions. This knowledge can be mined for reasoning and exploitation on 
the next encountered events that can be recognized as past patterns and can lead to faster 
decision and shortening the decision time and cycle. The use of learning can also be valuable for 
the sensing configuration module that can derive patterns for future dynamic and on the fly or on 
line sensing algorithm selections. The genetic algorithm described in section 4.5 embeds 
inherently learning and can operate on multiple criteria and constraints and will naturally adapt its 
decisions during exploration and exploitation phases while searching for good genes. Adding 
learning to these algorithms can nevertheless provide benefits or improvements in genetic or bio-
inspired techniques even if both have embedded learning in their inherent optimisation process. 
This will be documented in section 7.1. 

 

7.1  LEARNING AT FLOW PARTIONING LEVEL 
 

The objective of learning the probability of presence of the primary user is to improve the 
performance of the genetic algorithm. A immediate benefit of this learning is to provide feedback to 
the lower layers of the SACRA CRRM for possible corrective actions when there are 
disagreements with estimates of primary presence produced by sensing. At the flow partitioning 
level the LTE quality indicators on allocated blocks and unsuccessful transmissions provide 
independent information on primary presence. Differences can trigger corrective actions from 
sensing configuration, secondary users access and power control. The SACRA sensing system 
would conduct for instance deeper inspection of sub bands to refine its estimates by increasing the 
number of used samples and the duration of sensing. 

 

To this avail, the genetic algorithm that was adopted to solve for the resource partitioning across 
band, an NP hard problem, is enhanced with a learning process that enables inference on 
erroneous decisions on primary presence. From performance observed on allocated blocks, a 
learning algorithm estimates independently the probability of primary user presence and confronts 
the estimates to the inputs received from the sensing configuration on the probability of false alarm 

sc

faP and probability of detection 
sc

dP  in the sub bands selected for sensing. The higher level policies 

and rules indicate to the sensing system the portion of spectrum that is authorised for sensing and 
opportunistic use.  

 

The superscript “sc” in the expressions of these probabilities (
sc

faP
 
and  

sc

dP ) is inserted to indicate 

that these estimates are those declared by the sensing configuration module. These estimates are 
used to derive a probability of primary presence that is confronted to the independent estimate of 
primary presence found by the learning process in the flow partitioning algorithm. 
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Figure 27: Flow partitioning with learning of probability of primary presence 

 

The principle, depicted in Figure 27, is described first in general terms. The learning algorithm and 
the performance of the genetic algorithm with reinforcement learning are presented in a second 
stage.  

 

When the learning process (within the flow partitioning and resource aggregation algorithm) 
detects a deviation or discrepancy with respect to the primary presence, declared by sensing 
configuration, the partitioning algorithm sends a warning to sensing configuration. This deviation is 
detected by monitoring the ack/nack feedback on the correct reception of packets sent over the 
allocated resource blocks. The genetic algorithm with learning can now inform the sensing 
configuration system that the current sensing and probability estimates are not performing well. 
The sensing needs to be adjusted in duration and frequency to conduct deeper inspection or 
sensing of the bandwidth of the affected LTE blocks. 

 

The root cause of the observed mismatch is not precisely known. The degradation may be due to 
sensing or simply interference due to inadequate power settings from the lower level access and 
cooperative power control algorithms. The higher level CRRM can only infer through reasoning 
about the possible cause of poor performance. If the estimated primary presence is consistent with 
the sensing configuration estimates, the cause of the degradation is highly likely interference. 

 

To resolve this uncertainty the access and cooperative power allocation algorithms need to be 
inspected to confirm or infirm the belief. In parallel, the LTE metrics or key performance indicators 
need to be used to lift the ambiguity and infer where the interference comes from. These are the 
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reasons why the observations and analysis conducted by the flow partitioning algorithm is sent to 
the sensing configuration module and the access and power control algorithms. 

 

7.1.1 Reinforcement learning of primary user presence probability  
 

As mentioned earlier, the algorithm used to learn the probability of primary user presence is now 
presented and later on associated to the genetic algorithm to correct for errors in the estimates of 
primary presence false alarm and detection probabilities as provided by SACRA sensing. 

 

Let 
m

tQ  be the estimation of 
m

qp  (probability of presence of the primary user) at time t. The 

expression of 
m

tQ  is given as follows:  
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where 

  0,1  the step size parameter;  

  0,1tr  the reward received from the environment. 1=tr  if the primary user is present 

at instant time 1t . 0=tr  otherwise. 

In other words, 1=tr  if the cognitive base station has not received an acknowledgement packet 

from the cognitive radio user operating on block m  and 0=tr  otherwise. The analysis is 

conducted for a primary system where the primary user is a transmitter. Thus, when both the 
primary user and the cognitive base station transmit in the same block, interference occurs and 
causes loss of the transmitted packet in the selected and allocated block. 

 

 As 
m

tQ  is an estimation of 
m

qp , we denote m̂  and m̂  as the estimations of m  and m , 

respectively. The expressions of m̂  and m̂  at time t  are given by: 
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The optimization problem formulated in section 4.5.1.5 can now be transformed or expressed as 
follows: 
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where,  
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7.1.2 Experiments and Analysis of Results 
 

Since these experiments are designed to evaluate the learning process they consider only the 
carrier component of the primary user. The genetic algorithm with learning is compared to the 
genetic algorithm without learning. For completeness the proportional fair and score based are 
included as references.  

The genetic algorithm without learning corresponds to the algorithm using only blocks declared  as 
vacant or free of any primary users by the sensing configuration module and the sensing 
algorithms. The simulation parameters are those used in section 4.5.3. In addition to the 
percentage of satisfied users, the collision ratio with the primary user is collected and reported. 

Figure 28 through Figure 31 depict the percentage of satisfied users and the collision ratio for the 
PMSE and the coexistence scenarios.  
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Figure 28: Percentage of satisfied users for increasing number of users (PMSE scenario) 

 

Figure 29: Collision ratio in blocks occupied by primary user (PMSE scenario) 

 

 

Figure 30: Percentage of satisfied users (Coexistence scenario) 
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Figure 31: Collision ratio in blocks occupied by primary user (Coexistence scenario) 

Figure 28 shows that the genetic algorithm enhanced with learning satisfies 17% more users than 
the proportional fair algorithm and 28% more users than the score based resource allocation 
algorithm, when the number of users admitted in the system is low.  

 

Compared to the genetic algorithm without learning, the algorithm improves performance in terms 
of achieved bit rate slightly. A 5% potential gain at low load is also observed. At higher loads (more 
than 10 accepted users), the genetic algorithm with learning can provide performance gains higher 
than 30% compared to the proportional fair and the score based. At much higher loads learning will 
not help as performance becomes poor for all users because of too many accepted users. Only 
call admission control can prevent such degradations by limiting the number of accepted users into 
the system. The results can be used to identify the maximum number of users to accept for a 
target user satisfaction and assignment errors. 

 

These results need to be combined with the experienced collisions with the resource blocks 
occupied by the primary users. For this PMSE scenario, the blocks occupied by the primary users 
are contiguous and correspond to sub band used by the TV program and special event. The 
algorithms without learning use the estimates received by the sensing configuration and sensing 
algorithms to identify the resources available for opportunistic use by the LTE users or systems. 
The blocks declared as occupied are not used. Consequently all the three algorithms without 
learning perform equally in terms of collisions with the primary. The depicted collision ratio reflects 
the percentage of estimation errors on the primary presence for the simulated scenario (around 
4.5%). This error limits their performance in terms of collisions. They only differ in their resource 
allocation efficiency and performance. As reported earlier the genetic algorithm has the smoothest 
performance degradation for increasing number of accepted users in the shared band. 
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The genetic algorithm with learning is less affected by this limitation since it relies on its own 
estimates of probability of primary user presence. It derives this probability from the positive and 
negative acknowledgements feedback by the cognitive radio users on allocated blocks. The dotted 
curve in Figure 29 for the genetic algorithm with learning indicates considerable improvements in 
collision performance (below 0.5% compared to the 4.5% without learning). 

 

Figure 30 and Figure 31 show simulation results for the coexistence scenario and confirm the trend 
and relative performance reported by the PMSE scenario. The difference is in the achieved 
number of satisfied users because for the coexistence scenario the primary user can occupy, with 
a given probability of presence, all resource blocks in the system. Errors and collisions will be 
dependent directly on primary user behaviour and communications patterns.  

 

Despite this more challenging context or scenario, the genetic algorithm with learning still performs 
better than the other algorithms in terms of the percentage of satisfied users and collision ratio. It 
satisfies approximately 20% more users compared with proportional fair and score based and 
accepts 15% more users than the genetic algorithm without learning.  

 

Figure 31 shows that the genetic algorithm with learning reduces the collision ratio by 
approximately 17% compared to the proportional fair, score based and genetic algorithm without 
learning. As the number of accepted users increases this gap tends to vanish as expected as too 
many users are accepted irrespective of the algorithm. The genetic algorithm will degrade 
smoothly however. The genetic algorithm with learning finds the best trade off between maximizing 
the percentage of satisfied users and minimizing the probability of colliding with the primary. By 
finding this equilibrium between these two criteria, the genetic algorithm with learning satisfies 15% 
more users and limits the collisions (17% versus 20% at high load). At lower loads the number of 
collisions is significantly lower (below 5% versus 20% for the other algorithms). Note also that the 
genetic algorithm as implemented can be parameterized to give more importance to a given 
objective by simply setting the criteria weights.  

 

All simulation results in general show that the genetic algorithm with learning can maximize the 
quality of service for the cognitive radio users while protecting the primary user by minimizing the 
collision ratio. This is not surprising as genetic algorithms can handle multiple objectives 
simultaneously while achieving best trade-offs for antagonist criteria (or opposite goals) and are 
also known to exhibit smooth degradation for an increasing number of users (or high load) due to 
their inherent robustness.  

 

7.2 LEARNING ENHANCED COOPERATIVE POWER CONTROL 
For the cooperative power control of secondary users, thoroughly described in section 4.3, we 
propose the use of an enhanced version of the algorithm proposed in [21]. The initial algorithm 
intends to enable the cooperation between sensors. The modified version that is being proposed 
concerns cooperation  and information exchange among terminals in order to set their 
transmission power so as to have the required capacity on the one hand and not to cause high 
interference levels to the neighbouring network nodes. This is being captured by the maximization 
of the following utility function: 

( ( ))
k k k

i j jii i i
j i

p pu h 


  
       

(27)

 

 ( ( ))
k

i i i
pu  : indicates a relation to the Shannon capacity for the corresponding user,  
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k k

j jii
j i

p h


 : captures the negative impact in terms of interference prices that a user 

causes to its neighbourhood. 
 
Factor α is introduced in [21] (statically – 25%) and [6] (using fuzzy reasoners) so as to capture 
uncertainties in the network; these uncertainties are related to how correctly each terminal has 
received and compiled information regarding the interference price which should have been 
available by the user’s neighbours. This is related to the fact that once a terminal adjusts its 
transmission power it informs the eNodeB asynchronously.  

However in both solutions in the literature, all network elements that participate in the scheme 
have the same definition of α which also implies a static perception of the environment. More 
specifically, all network elements given the fact that they have the same reasoning scheme 
(i.e. fuzzy reasoner) interpret their environment in the same way. This might be problematic, 
because the same environment stimuli might need to be interpreted differently by two terminals. 
Thus, a novel algorithm is being proposed to enable the network elements (i.e. terminals) to 
enhance their situation perception. The proposed learning algorithm is based on the 
scheme/information exchange of Figure 32. As depicted, the user equipments gather information 
and proceed to the first step of processing and provide this information to the learning points 
(i.e. the eNodeBs). Then, the eNodeBs process the available data and provide their feedback to 
the mobile devices.  

 

 

Figure 32: Overview of the learning scheme 

7.2.1 Learning Algorithm 

7.2.1.1 Background 

Fuzzy Logic 

As also mentioned in [5] Fuzzy logic is an ideal tool when dealing with complex multi variable 
problems. A fuzzy logic controller consists of three parts (Figure 33), namely, the fuzzifier, the 
inference system and the defuzzifier. In the fuzzifier the inputs are being mapped to a specific 
degree (i.e. low, medium, high). This enables the use of simple rules in the inference part so as to 
correlate the inputs and the outputs; each rule results to a certain degree for the outputs. The 
aforementioned degrees are being aggregated in the defuzzification procedure and result to a 
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certain degree that the decision maker belongs to a specific state. Several defuzzification methods 
exist; the most popular is the centroid one, which returns the centre of gravity of the degrees of the 
outputs, taking into account all the rules, and is calculated using the following mathematical 
formula: 

( )

( )

i F i

COG

F i

u u du
u

u du







               

(28)
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Figure 33: Fuzzy Reasoner 

The afore analysis indicates that the environment perception of a decision maker is closely related 
to the first of the three steps, the fuzzification, thus by modifying the fuzzification procedure we 
change the way a network element perceives its environment.  

Clustering 

In order to partition a set of observations of d-dimensions clustering techniques are being used. 
Such techniques have as objective to minimize the intra-group distances while the inter-group 
distances shall be maximized. Several techniques are available in the literature as regards the 
observations clustering; k-Means [22], Fuzzy C-means (FCM) Clustering [23], Subtractive 
Clustering [24], Nearest Neighbourhood Clustering (NCC) [25] etc.  

The core idea of the proposed approach is to group the observations (ex. low, medium, high etc) 
so as to identify new bounds in the fuzzy logic membership functions. All the previously mentioned 
clustering algorithms could be used for such grouping, however for simplicity reasons we use the 
k-Means but we could extend the proposed solution with other clustering techniques as well.  

K-Means is based on the following objective function: 

1 1 , k i

c c

i k i

i i k x G

J J x c
  

 
   

 
  

                                   

(29) 

where c is the number of clusters, Gi is the ith group, xk is the kth vector in group Ji and represent 
the Euclidean distance between xk and the cluster centre ci. The partitioned groups are defined by 
using a membership matrix described by the variable U. Each element Uij of this matrix equals to 1 
if the specific jth data point xj belongs to cluster i, and 0 otherwise. The element Uij is analyzed as 
follows: 


2 2

1, if , for each 

0, otherwise

j i j kx c x c k i

ijU
   



 

(30) 

This means that xj belongs to group i, if ci is the closest of all centers. 
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7.2.1.2 Feedback based learning 

The proposed learning algorithm consists of three parts, namely, the monitoring/labeling, the 
classification and the adaptation of the fuzzy reasoner. Each terminal - part of the cooperative 
power control scheme – monitors its environment and evaluates the uncertainties; then it proceeds 
to the transmission. Every time that the terminals collaboratively proceed in transmission power 
adjustment (i.e. periodically, after a complete cycle), their interference prices are being classified 
as low, medium and high according to the effect they have to the neighbouring terminals; the 
classified values are being provided to the learning points (Figure 32). Once the learning points 
have gathered enough data they proceed in identification of the correlations of the input data by 
using data mining techniques. 

More specifically, periodically, the terminals cooperatively identify the optimum transmission power 
using the methodology described in [5]; the iterative procedure requires finite number of steps (i.e., 
maximum 30 iterations).  

Tx Power adjustment Tx Power adjustment

Ii Ti Ti+1
Ii+1

 

Figure 34: Timeline for Interference calculation and transmission power adjustment 

We consider the input vector Zi (i.e., node pairs, update interval, mobility) of each user is being 
evaluated against a predefined fuzzy inference system and results to an “” value which is used in 
conjunction to the interference prices, for the calculation of the optimum transmission power. The 
interference prices are gathered and classified as low, medium and high. This procedure results to 
a set (S) of labelled decisions which have been categorized into three categories low/medium/high. 
The afore-described process is provided in Table 4. 

 

Input: Approximation Parameter ε, Sample Size N 

Output: Set of observations S 

1. SO 

2. i=0  

3. while true 

4.1 i++ 

4.2 Retrieve vector Z→
i and IP→

i 

4.3 αi  fuzzy logic ({# WiFi APs, # Users, Update Interval}) 

4.4 Calculate Tx power 

4.7 If (|Ifactor
i|< Ilow) → Yi=low 

 Else (|Ifactor
i > Ilow) and (Ifactor

i < Ihigh) → Yi = Medium 

 Else (|Ifactor
i > Ilow) and (Ifactor

i < Ihigh) → Yi = High 

4.8 S  S U { Z→
i+1, IP

→
i+1, Yi} 

5. return S 

Table 4: Monitoring algorithm for the learning procedure 
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The labelled data may contain misclassified data, due to the fact that we are not certain about the 
thresholds that we have set. In order to tackle the aforementioned problem, we proceed in data 
clustering so as to identify the similarities among the measurements. Thus, we cluster the 
“medium” set, into two sets medium and low and medium and high. Once the sets are divided we 
have the three clusters created – as shown in Figure 35.  

For each couple of clusters i, j, the cluster centers Ci, Cj define a line ε that interconnects the two 
points. This line can be described by the following set of equations: 

( ),  1...m m m mp x u y x m d    

 

(31) 

Line ε intersects with spheres Si and Sj in four points which can be retrieved by substituting the pm 
values into the following hypersphere equations: 
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  (32) 

A simple way of identifying the bounds would be to extract the intersection points which belong to 
different hyperspheres and exhibit minimum distance from each other. Then, as shown in Figure 
35, we map the identified bounds to the input membership functions of the fuzzy reasoner; this 
results to the modification of the environment perception of each network element. 

 

Figure 35: Clustering and bounds extraction mechanisms 

 

7.3 LEARNING IN SENSING CONFIGURATION 

 

The sensing task block is shown in Figure 36. It comprises two main functions: 

 the sensing algorithm that takes the decision about the spectrum occupancy, by providing 
“1” if a primary signal is present and “0” otherwise, 

 the primary user activity modelling function that provides the primary user presence 
probability. 

The primary user (PU) presence probability is obtained by learning the primary user activity. The 
PU activity modeling function aims at estimating, by means of learning, the primary user presence 
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probability. This is done by dynamically updating the former PU presence probabilities with the 
current data observation and/or sensing decision. Therefore, the PU presence probability is related 
to the confidence level of the presence of the primary user. It can then be used further for 
opportunistic resource allocation, power control or PU SNR prediction.   

 

7.3.1 Primary user activity modelling 
SACRA UE should intelligently determine the primary users activities in the digital TV licensed 
band in order to avoid interfering with the incumbents. The goal of the primary user activity 
modeling is to estimate the primary user presence probability. The knowledge of the PU activity is 
important in estimating the performance of the CR networks. Therefore, the estimation of the PU 
activity is a very crucial issue in spectrum sensing. The PU presence probability is also needed in 
PU SNR prediction.  

Traditionally, the primary activity is assumed to follow the Poisson model (see for example [26] and 
references therein). However, the Poisson model is showed to be inefficient in capturing bursty 
and spiky characteristics of the monitored data Figure 36 (cf. [27]).  From Figure 37, we can notice 
that the Poisson model is not efficient in detecting short-term fluctuations of PU signal. Based on 
long-term observations, the Poisson model approximates the PU activities as smooth and burst-
free traffic.   

 

In [28], the primary user activity is modeled using a Markov Model with two states (cf. Figure 38).  
The probability transition matrix of the 2-stage Markov model can be stated as 
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where  1 ,0k  denotes the probability of vacant sub-band when the sub-band was vacant at the 

previous sensing time, and  1 ,0k  denotes the probability of occupied sub-band when the PU 

was present in the sub-band k at the previous sensing time. Therefore, the probability of appearing 

PU when the sub-band was vacant is k1 , while the probability of vanishing PU when it was 

present at the previous sensing time is k1 .  Given the probabilities k and k , the a-priori and 

the posteriori probabilities of PU presence can be learned using the current and past signal 
observations in the sub-band k, [28]. This model is suitable for DVBT signal detection since one 
can estimate, for a given TV channel, the occupation rate and the vacant rate of the channel. For 
PMSE primary users, the 2-stage Markov model seems to be inadequate since it is tough to 
estimate the occupation rate or the vacant rate of a PMSE licensed channel. 

 

In [27], it is proposed a model to parameterize the primary user traffic in a more efficient and 
accurate way in order to overcome the drawbacks of the Poisson modeling and the 2-stage 
Markov model. This work introduces a novel PU activity model addressing the potential drawbacks 
of the Poisson modeling with the following contributions: 

 
• A new PU activity detection technique based on the First- Difference Clustering 

scheme is introduced. 
• A new temporal correlation-based PU activity modeling scheme in order to 

detect the spectrum holes in a band is proposed. 
• The PU activity detection and the spectrum hole detection schemes are 

combined to maximize the CR network performance. 
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This model is shown to be accurate in estimating the activity of the PU that could appear or vanish 
any time. 

 

 

Figure 36: Sensing task function 

Due to the ability to detect short-term fluctuations of the PU, the model presented in [27] is suitable 
for PMSE signal detection. 

 

The 2-stage Markov model can then be used to highlight the DVBT signal detection, while the first-
difference filter clustering and correlation model, from [27], can be used to highlight the PMSE 
signal detection in SACRA system. 
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Figure 37: Missed transmission opportunities caused by the Poisson modeling 

 

Figure 38: The PU activity modeling using a 2-stage Markov model 

 

7.3.2 Use of the Primary user presence probability 
The PU presence probability can be used further for opportunistic resource allocation, for example, 
to weight the secondary user rate.  It can also be used in primary user SNR prediction as follows: 

.
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P
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(34) 

 

where  denotes the PU SNR estimate at the cognitive receiver. crpud denotes the distance 

between the secondary user receiver and the primary user transmitter as depicted in Figure 39, 

and pur is the path-loss exponent. The primary user transmit power is noted by puP . The 

term




 2

hE represents the average channel (normalized over the path-loss) between the secondary 

user receiver and the primary user transmitter. The noise power is noted nP  and the primary user 

presence probability for current sensing time is noted pu .  
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Figure 39: Example of CR transmission in a DVBT licensed channel 

 

It is worth noting that, in case of PMSE signal detection, the PU SNR prediction is rather difficult 
due to the PU transmitter location uncertainty. Despite the useful outcomes of estimating the 
primary user presence probability, one can note that in realistic systems, with constrained sensing 
duration, it may be tough to integrate the PU activity monitoring since the algorithms in the 
literature could spend a longer time to provide accurate results (see for example [27] and [28]).  
However, this timing constraint can be solved using more complex circuitry.  

 

Note that the primary presence probability as estimated through the 2 state Markov model in the 
sensing configuration module can be related to the binomial approach used by the flow partitioning 
algorithm in section 7.1. The correspondence can be obtained through the derivation of the 
stationary probabilities using the principal eigenvector of the probability transition matrix of the 2-
stage Markov model of equation 33. The modules estimate or learn the probability of presence of 
the primary differently in their own referential in order to compare their respective beliefs and 
correct or line up their perceptions. 
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8 CRRM ENERGY AND SPECTRUM EFFICIENCY 
CONSIDERATION AND SACRA INDICATORS 

Energy efficiency and number of components are the two indicators that are considered in the 
SACRA energy efficiency assessment. SACRA CRRM does not deal with number of components 
and their energy consumption as it involves mainly optimisation algorithms in software deployed in 
terminals and base stations. The SACRA CRRM system contributes to the energy efficiency of the 
overall SACRA system at the user admission control and user power setting control levels. All 
algorithms aim at allocating resources in the most efficient way in terms of energy consumption 
even if no explicit energy attributes are directly included in the objectives functions of the proposed 
solutions. At all levels of the SACRA CRRM system (levels 2 through 5 in Figure 2) the minimum 
interference and minimum power allocations are sought. This is obtained via the objective 
functions and the constraints associated to each algorithm. Spectrum efficiency is achieved 
through better usage of the available spectrum in the incumbent bands as well as the flexibility 
gained through the opportunistic carrier aggregations conducted by the flow and user partitioning 
algorithm (levels 4 and 5 in Figure 2) across all available bands and free carrier components from 
all the bands. The energy and spectral efficiency are measured instead via overall achieved 
capacity and the amount of reduced interference thanks to carrier aggregation and cooperative 
and cognitive power control. 

 

The genetic algorithm presented in section 4.5 aims at splitting traffic flows into sub bands while 
ensuring incumbent protection in the white spaces as well as allocating the LTE OFDM resource 
blocks to achieve best secondary users satisfactions. This algorithm contributes indirectly to better 
spectrum usage and spectral efficiency. This is achieved via better spectrum occupation and 
sharing by using vacant frequency bands and aggregating carrier components with packing and 
consolidation of contiguous or non contiguous bands for application session flows. The spectrum 
occupancy is the aspect that is dealt with for this algorithm and to some extend the amount of 
overall required power to improve system capacity. The energy efficiency is not addressed in terms 
of number of components in the case of the SACRA CRRM. The algorithm can be either 
centralised or distributed and in both cases induces marginal impact from the number of 
components standpoint and has no impact on energy consumption in this respect. Like all the 
algorithms in SACRA CRRM, it just requires the integration of the algorithm as software running on 
any operating system in the base stations. Spectral occupancy is however taken into account. The 
indicator is the amount of bandwidth consumed by the system to serve a given number of users.   

This genetic algorithm achieves indirectly minimum power levels for secondary users or LTE users 
through its second objective which consist in minimising the collisions with the primary user. 
Indeed, when the genetic algorithm decides, with the help of the reinforcement learning 
mechanism, not to use a given block belonging to the primary band, it saves power on this block. 
Consequently, the global power used by the system is minimised. This algorithm also saves power 
when it favours the use of the lower bands for improved coverage range since lower power levels 
are required for lower frequencies.  

 

For the minimum outage probability criterion algorithm, described in section 4.2, deployed in base 
stations and handling both uplink and downlink LTE opportunistic users access control, the 
minimum power criterion is embedded in equations 1 through 3 that jointly aim at keeping the PU 
capacity above a threshold rate Ru with high probability (1- Pout (R)). For secondary users the 
criterion, beyond maximising the sum capacity as indicated in equation 6, consists of controlling 
power of the SUs both in an effort to preserve power and to limit interference and fading 
effects [1][2]. The overall system is also governed by admission control based on a capacity bound 
that sets the maximum number of users that should enter the system at a given power level 
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including the maximum allowed power for secondary users. The bound from [1] provides the 
maximum number of opportunistic users that should be allowed to enter the system. The bound is 
given by the following equation: 
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This bound controls the maximum number of users that may enter the system at maximum power. 
This provides a worst case condition corresponding to all secondary users operating at their 
maximum allowed power setting. This bound guarantees that even in this case, the interference 
induced on incumbent users will remain below the protection threshold and their outage probability 
will not drop below the acceptable limit.  

 

The users allowed to enter the system can hence use the available carrier components at these 
power levels without causing unacceptable outage probability to the incumbents or violating their 
protection thresholds. Actually in SACRA, the approach consists of entering the system at lower 
power levels first and then fine tuning the levels to the minimum required power for each SU that 
gained access to the free carrier components. Access grant is consequently first given but no 
actual transmission takes place. The minimum power levels are next found and only once each SU 
gets its minimum required power setting to achieve its target QoS, he is finally allowed to enter 
effectively the system. This can be achieved either by the Minimum Outage Probability algorithm 
itself when SUs make decisions autonomously or via the cooperative power control algorithm when 
the SUs exchange information and cooperate.  

 

The cooperative power control algorithm described in section 4.3 aims at finding the minimum 
required power level for each SU based on the computation of their respective utilities and their 
achieved utility values. The algorithm assumes that the SUs exchange their currently achieved 
utilities to make future decisions. As described in section 4.3 this algorithm is specifically 
addressing minimum power requirements and leads to minimal power transmission levels and 
minimum overall interference. This algorithm achieves significant power gains whether it is used 
independently or in tandem with the minimum outage probability criterion algorithm. The latter 
decides on access control and access grant. The cooperative power control algorithm determines 
precisely the lowest power level needed for each and every SU.  

Spectrum occupancy and efficiency are not dealt with by the Cooperative Power Control Algorithm. 
The algorithm considers only energy efficiency and number of components as the key indicators. 
This algorithm introduces an efficient power control mechanism so terminals operate at minimum 
transmission power settings. This reduces the amount of consumed battery power in the terminals. 
More specifically, cooperative power control algorithm improves the terminal’s energy efficiency, as 
it optimally calculates transmission power levels in a finite number of iterations. As a consequence, 
not only unlicensed users transmit at significantly enhanced power levels, but also signaling 
overhead is limited. The number of involved components is reduced, since the algorithm is fully 
distributed and each user will autonomously decide its transmission power level based on 
information received by the eNB regarding interference other users experience. 

 

The flow partitioning algorithm into the available sub bands for carrier component aggregation can 
be used prior to these two algorithms to partition flows into bands according to minimum power 
budget consumption goals. This partitioning algorithm splits flows across bands but also 
aggregates carrier components into contiguous or non contiguous fashion to serve the traffic flows 
and results in more efficient use of the spectrum. Both carrier packing and consolidation are 
embedded in the proposed genetic algorithm that aggregates carriers and saves consequently 
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spectral resources. A formal assessment is actually needed to quantify precisely the gains. This is 
currently out of scope of this deliverable that conducts only an intuitive and qualitative analysis. 

 

The WP3 CRRM algorithms address energy efficiency by targeting minimum power levels for 
secondary users in all the selected algorithms. Hopefully, the sensing configuration system can 
also optimise the sensing configuration and parameter settings and sensing cost based on energy 
efficiency criteria as well.  

 

The SACRA sensing configuration in fact enhances single node sensing by allowing selection of 
the most reliable detector according to ambient noise conditions. This achieves better and more 
accurate detection probabilities (than in the state of the art) of spectrum holes for secondary use. 
When combined with optimal resource allocation contributes positively to optimal occupancy of the 
spectrum. This results in better spectrum usage. Sensing configuration is not directly impacting 
and does not involve spectrum efficiency that will be mostly the duty of radio Link Control that 
ensures adaptive modulation and coding. Sensing configuration also aims at achieving a trade-off 
between accuracy and cost and this also leads to a parsimonious use of the resource in 
computation and signalling load that in turn improves overall system efficiency and to some extent 
energy efficiency as less processing will be needed. Energy efficiency will rather be achieved from 
for example better spectrum occupancy of the lower frequency bands. 

 

In the future plans, the partners in WP3 are preparing an adaptation and simplified version of the 
cooperative power control algorithm and the outage probability based algorithm for the WP6 
demonstrator. The algorithms studied in WP3 require the availability of or assume the 
implementation of the entire LTE MAC/RRC/RRM pile, while the demonstrator will be mainly 
integrating the WP2 and WP3 PHY layer algorithms in the WP5 platform library and boards. So far, 
independent feasibility analysis and partial performance evaluation has been conducted for each 
algorithm. Joint feasibility tests need to be conducted for algorithms that can be combined and 
merged in a cohesive fashion in the CRRM system for integration since they operate at different 
levels in the system hierarchy.   

Alternate approaches for secondary users’ access to free spectrum will be explored. A resource 
management method based on game theory is envisaged or foreseen. The idea is to maximize a 
defined utility function subject to minimization of the mutual interference caused by secondary 
users with protection for primary users. We will adopt in this work the same method proposed in 
section 4.2  to protect primary users by using the outage probability constraint. In fact, a utility 
function will be formulated to reflect the needs of primary users by verifying the outage probability 
constraint, and the per-user capacity by satisfying the signal-to-noise and interference ratio 
constraint, as well as to limit interference to primary users. 

 

At the spectrum sensing scheduling and configuration level in the base station (eNodeB), work will 
be devoted for integration of the sensing configuration module in the SACRA CRRM system by 
through interactions and interfacing with the resource allocation and optimisation algorithms. The 
sensing configuration in the base station aims at setting and controlling the sensing parameters 
(e.g., maximum allowed false alarm and minimum allowed detection probabilities, sensing 
duration) for cooperative sensing. To set and control the sensing parameters, learning should be 
introduced to take into account previous results and fine tune decisions. The same effort is 
expected for the cooperative power control algorithm that can introduce learning next to improve 
decision and optimisation. At the higher levels, 3, 4 and 5, the user satisfaction based algorithms 
will be deployed in multiple base stations and will run concurrently on their own resource block 
management budget but will cooperate with joint RRM in a multi-cell and multi-user context in 
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order to monitor local and autonomous allocations and their potential mutual interference by 
sharing ICI data across the X2 interface. The JRMM in the base station acting as central controller 
and coordinator will intervene only when required by reacting only if conflicts are detected or 
foreseen and will bar any resources accordingly and force decisions into the autonomous base 
stations. The objective is to have the base stations operate as autonomously as possible with no 
intervention from Joint RRM unless deemed necessary. These investigations have been initiated 
and will be the subject of future reports and deliverable. 
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9 CONCLUSION 

 

This deliverable D2.3 is an intermediate step in the assessment of the SACRA CRRM system in 
terms of sensing configuration and radio resource management algorithms performance and 
compliance with target objectives, rules and policies. The complementarities of the algorithms are 
highlighted and the performance of each algorithm is reported to assess compliance. Policy 
modelling and specification are described and related to the algorithms later checked for their 
ability to fulfil requirements and comply with policies.  

 

Learning enhancements to the algorithms are sketched and the performance of some of them with 
learning is reported. The exchange of information between terminals and base stations has been 
analysed. The potential LTE logical channels foreseen for control and signalling purposes and the 
exchange of information for dissemination of sensing information and user utilities have been 
described. For the cooperative power control algorithm, used after secondary users have been 
authorised to share a band (by a secondary user access control algorithm), the signalling overhead 
due to collaboration has been reported. 

 

Deliverable D3.2 is an intermediate step in the CRRM system performance assessment that will be 
extended with evaluation reports and results in milestone M3.3 and deliverable D3.3. These 
documents will pursue the review of the joint SACRA CRRM algorithms performance when the 
output of each bloc in the system hierarchy serves as input to their companion bloc. The future 
plan is to explore how the algorithms can jointly tune the resource allocation and maintain good 
performance. 
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Acronyms 

Acronym Definition 

CRRM Cognitive Radio Resource Management 

TVWS TV White Space 

UHF Ultra High Frequency 

LTE Long Term Evolution 

MCAS Maximum Cyclic Autocorrelation Selection 

3GPP 3rd Generation Partnership Project 

UE User Equipment 

ACK ACKnowledgment 

eNodeB evolved NodeB 

QoS Quality of Service 

CQI Channel Quality Information 

JRRM Joint Radio Resource Management 

CR Cognitive Radio 

CRU Cognitive Radio User 

PU Primary User 

PBM Policy Based Management 

MAPE Monitor, Analyse, Plan and Execute 

SINR Signal to Interference plus Noise Ratio 

SU Secondary User 

CSI Channel State Information 

DTV Digital TV 

PMSE Programme-Making and Special Event 

FCC Federal Communications Commission 

SNR Signal to Noise Ratio 

CAF Cyclic Autocorrelation Function 

DVB-T Digital Video Broadcast – Terrestrial 

ED Energy Detector 

CBS Cognitive Base Station 

OFDM Orthogonal Frequency-Division Multiplexing 

GA Genetic Algorithm 

TTI Time Transmission Interval 

http://www.google.fr/url?sa=t&rct=j&q=ofdm%20radio&source=web&cd=1&ved=0CFcQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FOrthogonal_frequency-division_multiplexing&ei=mSm8T8fNHpOw8QPCpZln&usg=AFQjCNE6qvpPMC7b8OFxKyJDEQQWPF6Z-Q&cad=rja
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ICI Inter Cell Interference 

RRC Radio Resource Control 

RRM Radio Resource Management 

MAC Medium Access Control 

PUCCH Packet Uplink Control Channel 

PUSCH Packet Uplink Shared Channel 

LTE-A Long Term Evolution Advanced 

HSPA High-Speed Packet Access 

DL-SCH Downlink Shared Channel 

ECA Event-Condition-Action 

MSC Message Sequence Chart 

SAC Spectrum Access Control 
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