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Abstract--Cognitive radio systems dynamically reconfigure the algorithms and parameters they use, in order to adapt 

to the changing environment conditions. However, reaching proper reconfiguration decisions presupposes a way of 
knowing, with high enough assurance, the capabilities of the alternate configurations, especially in terms of achievable 
transmission capacity and coverage. The present paper addresses this problem, firstly, by specifying a complete process 
for extracting estimations of the capabilities of candidate configurations, in terms of transmission capacity and coverage, 
and, secondly, by enhancing these estimations with the employment of a machine learning technique. The technique is 
based on the use of Bayesian Networks, in conjunction with an effective learning and adaptation strategy, and aims at 
extracting and exploiting knowledge and experience, in order to reach robust (i.e., stable and reliable) estimations of the 
configurations’ capabilities. Comprehensive results of the proposed method are presented, in order to validate its 
functionality. 
 

Index Terms--Bayesian networks, Cognitive radio, Interference sensing, Machine learning, Reasoning. 

I. INTRODUCTION 

ODAY’S wireless access scenery comprises various heterogeneous technologies: 2G, 2.5G and 

3G cellular systems (e.g., GSM, GPRS, UMTS), wireless local and metropolitan area networks, 

as well as broadcast networks, such as Digital Audio Broadcasting (DAB) and Digital Video 

Broadcasting (DVB). The evolution of the above mentioned wireless communication systems, 

over the past years, demonstrates a clear trend towards architectures that will support multiple 

access technologies, and multimode mobile terminal devices, i.e. capable of alternately operating 

in the diverse radio segments available in the infrastructure. 

This trend is often referred to as ‘systems beyond 3G’ (B3G), and its main notion is that a 

network operator can rely on multiple Radio Access Technologies (RATs) for achieving the 

desired Quality of Service (QoS), i.e. performance (e.g., bit-rate, delay, jitter), availability 

(blocking probability), reliability (e.g., handover blocking probability), as well as 
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security/privacy, in a cost-efficient manner [1]-[4]. The need for this stems from the fact that 

each RAT is best suited for handling certain – but not all – situations, especially in terms of 

desirable transmission capacity, coverage, mobility support and cost. Thus, in order to be 

competitive and raise customer satisfaction, a network operator will need to combine the benefits 

offered by different RATs. 

Although significant steps have been made towards the joint utilization of the heterogeneous 

access technologies, the primary resource that all wireless technologies are built upon, i.e. the 

electromagnetic radio spectrum, is limited by its nature. Moreover, its fragmentation into 

separate frequency bands has resulted in the over-utilization of some of them, while others 

remain largely unoccupied [5]-[7]. The underutilization of radio spectrum is the result of a 

number of different factors including overly conservative allocation of guard bands; a migration 

from spectrally inefficient analog waveforms to more efficient digital waveforms, and the natural 

gaps in utilization that occur throughout the day due to variations in demand [8]-[9]. 

Consequently, the problem that needs to be confronted is the complexity and heterogeneity of 

the B3G environment, in combination with the scarcity and underutilization of the RF spectrum. 

Cognitive radio [10]-[11] appears as an effective, highly promising solution to this combined 

problem. Cognitive radio systems are able to sense their RF environment and react, either 

proactively or reactively, to external stimuli. By the term ‘react’ it is implied that the systems 

have the ability to reconfigure the algorithms and parameters of their operation, in order to better 

adapt to environment conditions. Thus, the operation of a typical cognitive radio system includes 

two stages: (a) observe and (b) decide. The first stage can be divided into two separate functional 

tasks: sensing and reasoning. Conclusively, as depicted in Figure 1, three fundamental functional 

tasks can be distinguished within a cognitive radio operational cycle: (i) Sensing: This involves 
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tuning to a frequency band and measuring the interference levels perceived. (ii) Reasoning: This 

encompasses the estimation of the capabilities of a candidate configuration, based on the levels 

of interference measured in task (i). (iii) Decision-reaching: Based on the estimations of task (ii), 

the most suitable configuration is selected, taking under consideration current traffic demands, as 

well as mobility and positioning patterns. 

The present paper focuses on stage (a), and especially on functional task (ii) (reasoning). After 

briefly setting the scene, by concisely discussing the main principles/attributes of cognitive radio 

systems (Section II) and by outlining the ways in which functional task (i) (sensing) can be 

performed in a real-life cognitive radio system (Section III), the paper specifies a complete 

process for obtaining estimations of the capabilities of candidate configurations, in terms of 

transmission capacity and coverage range, based on the sensed levels of interference (Section 

IV). In the sequel, these estimations are enhanced by incorporating a machine learning technique 

(Section V). The motivation for this stems from the fact that a cognitive element’s environment 

changes over time, thus it is difficult to estimate the capabilities of alternate configurations with 

a high degree of assurance. Finally, comprehensive results from the employment of the proposed 

machine learning technique are presented (Section VI), and concluding remarks are drawn 

(Section VII). 

II. PRINCIPLES OF COGNITIVE RADIO  

Cognitive radio is based upon the following main principles:  

(a) Reconfigurability: This property of cognitive radios refers to their ability to dynamically 

modify their configuration. A configuration denotes a combination of RAT and spectrum. 

Different RATs support different (also, possibly more than one) parameters and algorithms for 

modulation, coding and error control.  
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Reconfigurability can efficiently be realized through the use of network (and terminal) 

elements (transceivers) that can dynamically alter the parameters of their operation, in order to 

improve the offered QoS. Reconfigurations are software-defined, i.e. they are carried out by 

activating the appropriate software at the transceiver. 

As an example of this, let us assume a B3G cell comprising three reconfigurable network 

elements (transceivers) e1, e2 and e3, each one capable of alternately operating in one of n 

configurations, namely c1, c2, …, cn. During a specific time period, the best configuration, in 

terms of transmission capacity, coverage, mobility support and cost, might be configuration (c1, 

c3, c2). However, environmental conditions and requirements change dynamically, so in a next 

time period configuration (c1, c4, c2) might be the most suitable one. In this example, element e2 

was reconfigured to operate under configuration c4 instead of c3.  

(b) Cognition: It is exactly this stochastic nature of the environment conditions that raises the 

need for the existence of the second main attribute of cognitive radio systems, i.e. cognition. 

Cognition refers to the ability of sensing the RF environment and extracting knowledge (data and 

experience) about the achievable capabilities of alternate configurations.  

(c) Self-management: Although not inherent, this attribute can be incorporated into a cognitive 

radio system, with a view to rendering it more scalable [12]. In this sense, each transceiver 

should be able of self-adapting to its environment, without the need of being instructed by a 

central management entity with higher rationality. This concept, which is aligned to the 

autonomic computing paradigm, provides significant reduction of a system’s complexity, since it 

does not call for a centralized management entity. 

III. SENSING 

Interference is one of the most restraining factors in the operation of cognitive radio. The 
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sensing task refers to the procedure of measuring the perceived levels of interference in a certain 

frequency band, in the area of interest. In order to quantify the effects of interference into signal 

transmission, two appropriate metrics can be employed: (a) the signal-to-interference-plus-noise 

ratio (SINR), represented by the ratio between the received wanted carrier signal power, and the 

total received interference power; and (b) the interference temperature (IT), TI, represented by 

the ratio between the interference power, I, and the spectrum bandwidth, B, multiplied by the 

Boltzmann’s constant, k, i.e.: I

I
T

kB
 . According to the Federal Communications Commission’s 

(FCC) model [13] regarding IT, for a given frequency band in a given geographic location, an 

‘interference temperature limit’, TL, is defined by some regulatory agency. A transmitter should 

then ensure that, by transmitting, it does not raise the current IT above the specified IT limit [14], 

i.e.: /S I LP kB T T  , where PS represents the transmit power.  

Either of the two aforementioned metrics can be utilized by a cognitive radio system. A 

systematic sensing process involves instructing (part of) the local terminals to (a) temporarily 

switch to a different frequency band, (b) perform interference measurements, and (c) report them 

back to the network side. The latter can then be exploited by the network side (the reconfigurable 

transceiver), in conjunction with the attributes and characteristics of each candidate RAT, in 

order to reach estimations about each RAT’s anticipated capabilities (expected performance) in 

the examined frequency band. In the near future, a major part of the research and standardization 

activities is expected to be targeting at producing the complete specifications of this sensing 

process. 

IV. REASONING 

After receiving the SINR or IT measurements from the terminals (downlink case), or 
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calculating itself the SINR or IT (uplink case), the network transceiver’s management module is 

responsible for extracting conclusions about the capabilities of each candidate RAT in the 

frequency band under study. Due to the dynamic and stochastic nature of the environment 

conditions, it would be wiser to consider these estimations as instantaneous estimations (i.e., not 

fully reliable), which should be further enhanced by an appropriate mechanism (machine 

learning technique).  

In what follows, we concentrate on how to reach instantaneous estimations about the 

transmission capacity (i.e., maximum achievable throughput) and the coverage range of a 

candidate configuration (combination of RAT and spectrum), based on the results of the sensing 

process. The analysis will be confined to the downlink case, yet the uplink case is similar. As 

input, a set of SINR values will be assumed. The analysis in case of IT values remains the same.  

A. Transmission capacity 

Depending on the candidate RAT, the measured SINR values can be mapped to maximum 

achievable bit-rates (throughputs), taking into account the specific characteristics (e.g., physical 

modes) of the RAT (Figure 2). 

This can be clarified by considering the example of the IEEE 802.11b WLAN technology. 

802.11b clients can operate at 11 Mbps (using QAM-64), but will scale back to 5.5 Mbps 

(QAM-16), 2 Mbps (QPSK), or 1 Mbps (BPSK), if signal quality becomes an issue. Since the 

lower data rates use less complex and more redundant methods of encoding the data, they are 

less susceptible to corruption due to interference and signal attenuation.  

The network transceiver’s management module uses, for each candidate RAT, a reference 

adaptive scheme, in order to map each input SINR value to a corresponding bit-rate value. 

Subsequently, it statistically processes the bit-rate values, in order to extract a metric that is 



 7

referred to as effective transmission capacity, as depicted in Figure 2. This metric expresses the 

anticipated average transmission capacity, with the term “average” implying that the metric has 

been calculated based on SINR reports from all the terminals involved in the sensing process. 

This computation may vary from being very simple (a typical average value) to more 

complicated (like Kalman filtering [19]). The goal is to take into account all measurements, not 

only the worst or the best cases, in order to gain a more realistic picture concerning the candidate 

configuration’s capabilities in terms of transmission capacity.  

Back to the 802.11b example, if at a given moment 20% of the users can achieve a maximum 

bit-rate of 11 Mbps, 0% 5.5 Mbps, 30% 2 Mbps, and 50% 1 Mbps, then, by averaging this input, 

the effective transmission capacity can be estimated as 0.2 11+0.3 2+0.5 1=3.3 Mbps. 

Formally, the process described above can be expressed as follows: Given the spectrum 

portion b under study and a candidate RAT r, it holds that:  

 
1

1
( , ) ( ),

N

ine i
i

cap r b ABR SINR b r
N 

                             (1) 

where: ( , )inecap r b  denotes the instantaneous value of the effective transmission capacity for the 

spectrum portion b under study and the candidate RAT r; N indicates the number of terminals 

that took part in the sensing process; SINRi(b) denotes the SINR value measured by terminal i in 

the spectrum portion b; and function  ( ),iABR SINR b r  returns the achievable bit-rate value that 

corresponds to the input SINR value, SINRi(b), by employing the reference adaptive scheme of 

RAT r. In case some other form of statistical processing is used (e.g., Kalman filtering), then 

formula (1) should be substituted accordingly. 

B. Coverage 

The objective here is similar, i.e. to extract an instantaneous estimation about the effective 
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coverage range of a candidate RAT, in the frequency band under consideration. This metric 

expresses the anticipated average coverage range. Let it be noted that the effective coverage 

range does not represent the actual coverage area of the candidate configuration, but is rather a 

metric (grade) of the configuration’s effectiveness in terms of coverage. The proposed process is 

depicted in Figure 3, and can be divided into two phases: In phase (a), the path loss exponent n̂  

in the transceiver’s area and the effective shadow loss ̂  are calculated. As implied by its name, 

the effective shadow loss ̂  expresses the anticipated average shadow loss experienced by all 

involved terminals. In phase (b), an instantaneous estimation about the effective coverage range 

is reached. The accuracy of estimating the path loss exponent and the shadow loss, in correlation 

with the number of collected measurements, is also discussed in [19]-[24].  

In phase (a), the following input from each involved terminal is utilized: (i) the power of the 

desired signal (i.e., the power of the received training sequence, not including the interference 

power); and (ii) the terminal’s location (distance from the transceiver). Concerning (ii), only the 

Global Positioning System (GPS) can provide adequate accuracy in location detection; however, 

the current trend for mobile terminals is to incorporate GPS receivers. After taking into account 

the input from all the involved terminals, an estimation of the path loss exponent n̂  and the 

effective shadow loss ̂  is reached, as illustrated in Figure 3.  

In phase (b), the following input is utilized: (i) the path loss exponent and the effective shadow 

loss, as determined in phase (a); (ii) the minimum required SINR value in order to ensure 

acceptable quality (this value is RAT-dependent); (iii) the transmission power that has been used 

while taking the measurements (this value may also be RAT-dependent); and (iv) the mean 

interference power value, based on the reports of the involved terminals. By processing this 

input, an instantaneous estimation of the effective coverage range can be achieved.  
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Formally, the process described above can be expressed as follows:  

Phase (a). It holds that:  

 10 logi irx tx n d                                    (2) 

where: rxi represents the received power (expressed in dBm), by terminal i, of the desired 

signal, tx indicates the transmitted power (expressed in dBm) of the desired signal, n denotes the 

path loss exponent (expressed in dB), di is the distance between terminal i and the transceiver 

(expressed in m), and   corresponds to the shadow loss (expressed in dB).  

Estimates of the path loss exponent, n̂ , and the effective shadow loss, ̂ , can be reached by 

employing linear regression. The results are summarized in what follows:  

ˆ XY X Y

XX X X

N S S S
n

N S S S

 


 
                                   (3) 

ˆ
ˆ Y XS n S

N
  
                                      (4) 

where:  

1 2 ...X NS x x x    , 1 2 ...Y NS y y y    ,  

2 2 2
1 2 ...XX NS x x x    , 1 1 2 2 ...XY N NS x y x y x y    ,                   (5) 

and:  10logi ix d , i iy tx rx  , 1, 2,...,i N                       (6) 

Phase (b). The minimum required SINR value, min,reqSINR , for ensuring acceptable quality, 

together with the mean interference power, I , as perceived by the involved users, can be used to 

compute the minimum required received power, min,reqrx :  

min, min, Ireq reqrx SINR                                   (7) 

where: 
1

1
I

N

i
i

I
N 

                                     (8) 
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with Ii denoting the interference power measured by terminal i. Hence, in order to compute an 

estimation, ,eff ined , of the effective coverage range, the following equation must be solved:  

 min, ,ˆ ˆ10 logreq eff inerx tx n d                                 (9) 

which results in:  

min, ˆ

ˆ10
, 10

reqtx rx

n
eff ined

  
  
                                  (10) 

Note that the values of tx and min,reqSINR  are, in general, dependent on the RAT r under 

investigation. 

V. INCORPORATING MACHINE LEARNING 

A. The need for robustness 

The instantaneous estimations reached through the procedures described in the previous 

section, concerning a candidate configuration’s effective transmission capacity and coverage 

range, are by definition instantaneous. This is because these capabilities change frequently and 

randomly, since they are influenced by the varying environment conditions, including the 

configuration selections of “near-by” autonomous network transceivers.  

As a response to this problem, functional task (ii) (reasoning) needs to be enhanced by a 

machine learning technique. This section proposes a computationally efficient technique, the 

goal of which is twofold:  

(a) to smooth out any fluctuations originating from momentary conditions which do not reflect 

the actual situation of the RF environment; this can be achieved by taking into account past 

knowledge (experience). 

(b) to render the system adaptable to the permanent changes, by taking under consideration the 
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recent instantaneous estimations.  

For this purpose, the proposed technique makes use of Bayesian Networks, which constitute an 

advanced and extensible method of modelling and reasoning about probabilistic relationships 

[15]-[18]. In conjunction with the deployment of a Bayesian Network, a simple learning and 

adaptation strategy is developed and employed, catering to keeping the knowledge encoded in 

the Bayesian Network up-to-date. We use the term robust estimations (i.e., stable and reliable) to 

distinguish the results of the employed machine learning method from the instantaneous 

estimations. 

B. Bayesian model 

Figure 4(a) depicts the basic Bayesian Network that is proposed for modelling the problem at 

hand. The randomness and uncertainty of a candidate configuration’s capabilities (effective 

transmission capacity and effective coverage range) leads us to the employment of 

corresponding random variables, as depicted in Figure 4(a), where CAP corresponds to effective 

transmission capacity, COV to effective coverage range, and CFG to configuration.  

Each of the aforementioned random variables can take a value from a set of discrete possible 

values (the denser/larger the grid of possible values the more accurate the results). Given a 

candidate configuration c (i.e., given that CFG=c), and based on the network transceiver’s past 

experience, the possible values of CAP are not (at least not in general) equally probable (the 

same applies for the possible values of COV).  

In order to express this, a number of Conditional Probability Tables (CPTs) is organized, as 

depicted in Figure 4(a) (only the CPTs for CAP are shown, to save space). Each CPT refers to a 

particular candidate RAT. Let R denote the set of RATs that our reconfigurable network 

transceiver supports, then 2.|R| CPTs in total are required for the full information (both for CAP 
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and COV). Each column of a CPT refers to a specific configuration (i.e., RAT and carrier 

frequency). Each line of the CPT corresponds to a possible value of either CAP or COV. Each 

cell (intersection of line and column) provides the probability that the configuration 

(corresponding to the column) will achieve the potential CAP or COV value (corresponding to 

the line). Given a configuration, the most probable value of CAP is the value that corresponds to 

the maximum conditional probability. The same applies for the most probable value of COV. The 

most probable values of CAP and COV, given a specific configuration, constitute the robust 

estimations of the effective transmission capacity and the effective coverage range, for this 

configuration, respectively.  

Let us focus on the CPT for CAP of an arbitrary RAT r1 (r1R). With F denoting the set of 

spectrum carriers with which RAT r1 may operate, the CPT consists of |F| columns (|F| 

representing the size of set F), corresponding to configurations (combinations of RAT and 

spectrum carrier) c1=(r1, f1), …, c|F|=(r1, f|F|). With V denoting the set of potential values 

supported by RAT r1, the CPT consists of |V| lines, corresponding to CAP values cap1, cap2, …, 

cap|V|. Without loss of generality, enumeration is done in ascending order, i.e. cap1 < cap2 < … < 

cap|V|, so cap|V| is the maximum possible value. The cell located at the intersection of line i and 

column j is a conditional probability value. It expresses the probability that effective 

transmission capacity capi will be achieved, if configuration cj is selected. Formally, this is 

denoted as Pr[ | ]i jCAP cap CFG c  . For COV, we use the symbol W in place of V. Also, note 

that, for notational simplicity, we write F, instead of Fr1. The same applies for sets V and W. Let 

it be noted, however, that sets F, V, and W are, in general, different for every rR. 

C. Learning and adaptation strategy 

Initially, the probability values contained in the CPTs of the Bayesian Network are nothing 
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more than reference values that have been defined either randomly or, in the best case, by a set 

of experts. However, this is not sufficient. These values must be constantly updated, by 

incorporating knowledge and experience gained from both the past and the most recent 

instantaneous estimations.  

In order to achieve this, a computationally efficient learning and adaptation strategy is 

proposed, which determines how the CPT values should be updated. Figure 4(b) is a block 

diagram of the proposed strategy. We will focus on an arbitrary configuration c=(r, f) and 

examine how the update is performed on the corresponding probability values of the CPT for 

CAP. The strategy followed for COV is exactly the same.  

Let capine denote the value of the most recent instantaneous estimation about the effective 

transmission capacity of configuration c (capine is a continuous, i.e. not discrete, variable). The 

update process takes into account the “distance” (absolute difference) between each candidate 

CAP value and the value of capine. Depending on this distance, each CPT value that corresponds 

to the configuration under consideration should be properly increased or decreased.  

For this purpose, a correction factor cori is computed for each candidate CAP value capi. It 

holds that 0≤cori≤1. A value close to 1 reflects that the corresponding candidate value capi is 

close to the instantaneous estimation capine, and thus it should be reinforced accordingly. The 

opposite stands for a value that is close to 0. Formally, the correction factor cori is expressed as 

follows (Figure 4(b)):  

max

| |
1 i ine

i
cap cap

cor
cap


                                  (11) 

where: max | |max( , )ineVcap cap cap  

Subsequently, the new value of each conditional probability, Pr iCAP cap CFG c    , is 
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computed as the product of the old conditional probability value, the corresponding correction 

factor, and a normalizing constant L. The parameter of this normalizing constant is computed by 

requiring all the “new” probabilities to sum up to 1. This can be formally denoted as:  

Pr[ | ] Pr[ | ]i new i i oldCAP cap CFG c L cor CAP cap CFG c                   (12) 

We state that the system has converged when the most probable candidate CAP value (i.e., the 

one that corresponds to the maximum conditional probability) is closer, than any other candidate 

CAP value, to the instantaneous estimation’s value, capine. After convergence, we limit the 

number U of consecutive updates that can be applied to the conditional probabilities of the 

specific configuration to a maximum Umax. This is a practical mechanism that assists in 

accomplishing faster adaptation to new conditions. 

For the same reason, we do not permit the value of a conditional probability to fall under a 

certain threshold, denoted as threshold. The value of this parameter is determined as 

threshold=A/|V|, where 0<A<1 (|V| is the number of potential CAP values). In cases where the 

threshold mechanism has to be applied, the normalizing constant L is computed by requiring all 

the other “new” probabilities to sum up to 1 K threshold  , where K is the number of 

probabilities that have been assigned equal to the threshold. The values of Umax and A are design 

parameters. 

VI. RESULTS 

In this section, two comprehensive scenarios are presented, demonstrating the functionality of 

the proposed machine learning technique. 

A. Scenario 1 

In this scenario, we will focus on an arbitrary configuration c1= (r1, f1) and examine how the 
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update is performed on the corresponding probability values of the CPT for CAP. The method 

followed for COV does not differ. 

The values of the scenario’s parameters are depicted in Figure 5(a). We assume there are |V|=5 

candidate (potential) CAP values, namely (in Mbps): cap1=0.4, cap2=0.8, cap3=1.2, cap4=1.6, 

cap5=2.0. Note that, in general, the candidate CAP values need not be equally distant. We will 

examine 6 time periods, namely periods 0 through 5. Figure 5(b) (first two columns) indicates 

how the values of the instantaneous estimation capine evolve. In particular, in the first two time 

periods, capine=0.96, while, in the next three, capine=1.68 (in Mbps). In the following, we use the 

notation capine(0), capine(1), and so on, to distinguish among the different values of capine, 

through the time periods 0, 1, etc., respectively.  

The expected behaviour of the model is to initially select cap2=0.8 as the most probable value, 

since it is closer to 0.96, and then gradually and not instantly converge to cap4=1.6 (which is the 

closest value to 1.68). This gradual convergence constitutes a fundamental requirement 

concerning the model’s functionality, since it is not known in advance whether the “new” capine 

value, i.e. the value 1.68, represents a temporary or permanent environment situation. 

Figure 5(c) illustrates the distribution of the conditional probabilities through the various time 

periods of the scenario. Initially (period 0), all candidate values are considered equally probable, 

thus the distribution is uniform, and any value can be considered as the most probable one. 

Subsequently, the value of capine in period 0, i.e. the value capine(0), together with the probability 

distribution of period 0, are taken into account in order to compute the probability distribution of 

period 1. The same procedure is followed for all periods, i.e. the probability distribution of 

period N, in conjunction with capine(N), serve as input for the computation of the probability 

distribution of period N+1, following the machine learning method specified in Section V. 
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As can be observed from Figure 5(b) and Figure 5(c), cap2 is correctly selected in period 1 as 

the most probable CAP value. As was expected for this period, there are high values for cap2 and 

cap3, a slight diminishment for cap1 and cap4, and a severe degradation for cap5. In period 2, the 

scheme is further applied, and since capine(1) is equal to capine(0), the most probable value does 

not change and is actually further reinforced. However, during period 2 the value of capine 

changes, and more specifically becomes equal to capine(2)=1.612. Thus, in the next time period, 

i.e. period 3, cap3 is selected as the most probable value. It is important to notice at this point 

that, although cap4 is closer to capine(2), nonetheless cap3 (instead of cap4) is chosen as the most 

probable value. This constitutes the desired behaviour, i.e. to adapt gradually and not 

immediately, in order to avoid oscillations and smooth out temporary fluctuations. In the 

following time period, period 4, cap3 remains the most probable value, but cap4 is also 

reinforced considerably. Then, in period 5, the model converges to cap4, since the value of capine 

has remained the same (equal to 1.68) for a considerable amount of time. Finally, we may also 

note from Figure 5(c) that, in the last two periods, the probability of cap1 has been set equal to 

the threshold’s value, i.e. equal to A/|V| = 0.02. 

B. Scenario 2 

Scenario 2 aims at illustrating more thoroughly how the proposed system avoids temporary 

fluctuations and converges to permanent changes. We will focus on an arbitrary configuration 

c2= (r2, f2) and examine how the update is performed on the corresponding probability values of 

the CPT for CAP. The values of the scenario’s parameters are depicted in Table I. We assume 

that there are |V|=6 candidate (potential) CAP values, namely (in Mbps): cap1=6, cap2=12, 

cap3=24, cap4=36, cap5=48, cap6=54. In this scenario, we simulate various different cases. For 

all cases, a uniform distribution is assumed as the starting point (period 0). 
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Case A1. The values of the instantaneous estimation capine evolve as follows (Table II): {7, 7, 

7, 11, 7, 7, 7, 7, …}, i.e. in the first three time periods (periods 0-2) capine is 7 Mbps, then in 

period 3 we have a temporary change (11 Mbps), and thereafter capine is again equal to 7 Mbps. 

Figure 6(a) depicts the system’s behaviour in this case. As may be observed, in period 4, the 

(probability of the) 12 Mbps candidate value gains some ground, yet the 6 Mbps value remains 

the most probable one, which constitutes the desired behaviour, i.e. to adapt gradually and 

carefully to new conditions, avoiding temporary fluctuations. 

Case A2. The values of the instantaneous estimation capine evolve as follows (Table II): {7, 7, 

7, 11, 11, 11, 7, 7, 7, 7, …}. Figure 6(b) depicts the system’s behaviour in this case. As may be 

observed, in period 6, the 12 Mbps value manages to almost outperform the 6 Mbps value. In 

period 7, the system does not further reinforce the 12 Mbps value, since capine(6)=7.  

Case A3. The values of the instantaneous estimation capine evolve as follows (Table II): {7, 7, 

7, 11, 11, 11, 11, 11, 11, 7, 7, 7, 7, …}. Figure 6(c) depicts the system’s behaviour in this case. 

This time, the 12 Mbps value becomes the most probable one, in period 7 (taking an overall of 4 

time periods for the system to converge). In period 10, the 12 Mbps value starts to degrade, since 

capine(9)=7. In period 13, the system adapts back to the 6 Mbps value.  

Case A4. The values of the instantaneous estimation capine evolve as follows (Table II): {7, 7, 

7, 11, 11, 11, 11, 11, 11, 11, …}. As can be deduced, we now consider a permanent change in 

the environment conditions. Figure 6(d) depicts the system’s behaviour in this case. Within 4 

time periods (periods 4-7), the system adapts to the new situation, and as the scheme is further 

applied, the 12 Mbps value is further reinforced. 

Cases B1 – B4. For each of these cases, the values of the instantaneous estimation capine 

evolve as depicted in Table III. In case B1 (Figure 7(a)), the 12 Mbps value approaches, in 
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period 4, the 6 Mbps value, which remains, however, the most probable one. Thus, in case B1, 

the system completely avoids the fluctuation. In case B2 (Figure 7(b)), the system makes one 

step towards the 24 Mbps value, by selecting the 12 Mbps value as the most probable one, for 

periods 5-8. As may be observed, although capine(6)=7, the system does not immediately return 

to the 6 Mbps value, since this may be a temporary fluctuation as well. Instead, it stays on the 12 

Mbps value for two more periods (periods 7-8), and then falls back to the 6 Mbps value. 

Conclusions are essentially the same for case B3 (Figure 7(c)), the only differences being, as 

expected, that the system stays longer on the 12 Mbps value (periods 5-11), and that the 24 

Mbps value is reinforced until period 7. In case B4 (Figure 7(d)), in which we consider a 

permanent change, we may observe that the system finally converges to the 24 Mbps value in 

period 10. 

Cases C1 – C4. For each of these cases, the values of the instantaneous estimation capine 

evolve as depicted in Table IV. In essence, we have a similar situation with cases B1 – B4. In 

case C1 (Figure 8(a)), the 6 Mbps value continues to remain the most probable one, even in 

period 4. In case C2 (Figure 8(b)), the system firstly adapts to the 12 Mbps value (period 5), and 

then to the 24 Mbps value (period 6), before falling back again to the 12 Mbps value (period 9) 

and then gradually back to the 6 Mbps value. In case C3 (Figure 8(c)), the system stays longer on 

the 24 Mbps value, before falling back towards lower expected capacity values. Finally, case C4 

(Figure 8(d)) illustrates that the system converges to the 36 Mbps value in period 14. 

Discussion. In general, a learning strategy aims at simulating the behaviour of a rational 

supervisor of the system that has the ability to observe a sequence of system-related events. In 

this sense, the adaptation procedure followed in the proposed scheme puts effort in imitating the 

behaviour of such a supervisor. Thus, a person observing a series of events within a highly 
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“noisy” environment, meaning that the observed event may not reflect the actual conditions, has 

some reservations about the certainty of the observations. This yields a “waiting” period during 

which the observer wishes to record additional events, before reaching a conclusion. This is 

exactly what the presented Bayesian model tries to approximate. An experienced system 

supervisor can often make faster, more intuitive decisions, based on his/her experience, avoiding 

hysteresis, i.e. slow reaction. On the other hand, although a learning model is able to reach 

optimum results, this may come at the cost of a hysteresis, something which is inherent to most 

automated decision-making mechanisms.  

VII. CONCLUSIONS AND FUTURE WORK 

Despite being a relatively recent concept, cognitive radio is rapidly advancing and is 

considered today as a highly promising way towards handling the complexity of the B3G 

wireless scenery. Cognitive radio systems dynamically reconfigure the algorithms and 

parameters they use, in order to adapt to the changing environment conditions. However, making 

proper reconfiguration decisions presupposes a way of knowing, with high enough assurance, the 

capabilities of the alternate configurations, especially in terms of achievable transmission 

capacity and coverage.  

For this purpose, the present paper firstly focused on specifying a complete process for 

obtaining instantaneous estimations of the capabilities of candidate configurations, in terms of 

transmission capacity and coverage. In the sequel, it concentrated on enhancing these 

estimations, by employing a machine learning technique, based on Bayesian Networks, in 

conjunction with an effective learning and adaptation strategy. Comprehensive results were 

presented, in order to validate the functionality of the proposed method. Next phases of our work 

involve focusing on the decision-reaching task of cognitive radio, and more specifically on the 



 20

determination of the most suitable configuration, taking under consideration the configurations’ 

capabilities, as well as traffic demand predictions, user mobility and location patterns, and cost. 

Another potentially interesting issue is to examine how data pertaining to the network (e.g., 

traffic load) and how data pertaining to the terminal devices themselves (e.g., remaining battery 

life, transmission or signal filtering capabilities) can be combined in order to facilitate the 

estimation of the best reconfiguration choice.  
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Figure 1: Functional tasks of cognitive radio operation 
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Figure 2: Process of extracting instantaneous estimations for the effective transmission capacity of a candidate configuration 
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Figure 3: Process of extracting instantaneous estimations for the effective coverage range of a candidate configuration 
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Figure 5: Scenario 1: (a) parameters of the scenario; (b) evolution of the instantaneous estimation’s values and of the most probable CAP values; 

(c) evolution of the probability distribution 

 
Table I: Parameters of Scenario 2 

Parameter Description Value 

|V| 
number of potential 
CAP values 

6 

Umax 
maximum number of 
consecutive 
updates after convergence 

3 

A 
parameter for the determination 
of the threshold 

0.05 
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Table II: Scenario 2A – Evolution of the values of the instantaneous estimation capine  

Time 
Period 

capine (in Mbps)
Case A1 Case A2 Case A3 Case A4 

0 7 7 7 7 
1 7 7 7 7 
2 7 7 7 7 
3 11 11 11 11 
4 7 11 11 11 
5 7 11 11 11 
6 7 7 11 11 
7 7 7 11 11 
8 7 7 11 11 
9 7 7 7 11

10 7 7 7 11 
11 7 7 7 11 
12 … … … … 
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Figure 6: Scenario 2A – Evolution of the probability distribution in (a) case A1; (b) case A2; (c) case A3; and (d) case A4 
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Table III: Scenario 2B – Evolution of the values of the instantaneous estimation capine 

Time 
Period 

capine (in Mbps)
Case B1 Case B2 Case B3 Case B4 

0 7 7 7 7 
1 7 7 7 7 
2 7 7 7 7 
3 21 21 21 21 
4 7 21 21 21 
5 7 21 21 21 
6 7 7 21 21 
7 7 7 7 21 
8 7 7 7 21 
9 7 7 7 21

10 7 7 7 21 
11 7 7 7 21 
12 … … … … 
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Figure 7: Scenario 2B – Evolution of the probability distribution in (a) case B1; (b) case B2; (c) case B3; and (d) case B4 
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Table IV: Scenario 2C – Evolution of the values of the instantaneous estimation capine 

Time 
Period 

capine (in Mbps)
Case C1 Case C2 Case C3 Case C4 

0 7 7 7 7 
1 7 7 7 7 
2 7 7 7 7 
3 33 33 33 33 
4 7 33 33 33 
5 7 33 33 33 
6 7 33 33 33 
7 7 7 33 33 
8 7 7 33 33 
9 7 7 7 33

10 7 7 7 33 
11 7 7 7 33 
12 … … … … 
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Figure 8: Scenario 2C – Evolution of the probability distribution in (a) case C1; (b) case C2; (c) case C3; and (d) case C4 
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