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Abstract 

 

This work presents a multivariable adaptive spectrum handoff model for cognitive 

radio networks that allows improving secondary user's spectrum mobility from the 

intelligent selection of spectrum opportunities called MAPMFF. Four algorithms 

for decision making during a spectrum handoff, were developed with different 

approaches, fuzzy, feedback statistics, predictive and multichannel, which make up 

the MAPMFF proposed model. The best spectrum opportunities were selected 

dynamically based on the following decision criteria, the probability of channel 

availability, estimated time of channel availability, Signal-to-interference-plus-

noise ratio, and bandwidth, which were determined through the modified Delphi 

method and corresponding weights were calculated through the developed FFAHP 

algorithm. In order to assess the performance of the developed algorithms, a 

comparative analysis was made between these algorithms and the most relevant 

spectrum handoff algorithms in the current literature. Unlike other related papers, 

benchmarking was validated through a trace of real spectrum occupation data 

captured in the frequency GSM band, which characterizes the real behavior of 

primary users. In the validation phase, four assessment scenarios were proposed to  
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consider, two kind of applications, real-time and best-effort; two traffic case 

scenarios, high and low and, ten evaluation metrics, number of handoff, number of 

failed handoff, bandwidth, delay, throughput, fairness, number of handoff without 

interference, number of handoff with interference, number of perfect handoff and 

number of anticipated handoff. 

 

The main contribution of this work is the development of an adaptive spectral model 

(MAPMFF) with excellent performance according to the results of validation with 

real occupation spectral data in 4 different scenarios, with four types of traffic, and 

under ten evaluation metrics. Consequently, the impact reached by the MAPMFF 

model is the improvement in the quality of service parameters for mobile 

communications. 

 

The proposed multi-model selects the best spectrum handoff algorithm, among the 

four models developed in this work. This is according to the spectrum 

characteristics and requirements of the secondary user, providing an efficient and 

effective process of frequency channel selection. Then, the MAPMFF model 

behaves as an expert system when inferring from data known from a wireless 

application and spectral occupation the best spectral handoff algorithm. This is in 

order to analyze and decide which spectral opportunity is the appropriated to the 

user requirements by an inference engine. 

 

The results of the comparative analysis with other spectrum handoff algorithms 

show that the MAPMFF model provides the best performance in the ten evaluation 

metrics for the four proposed scenarios. According to the obtained results, the 

proposed model has a low average handoff rate, a high percentage of average 

throughput and average bandwidth, and a low level of average delay. 

 

Keywords: cognitive radio networks, fuzzy, multichannel, multi-criteria decision 

making, prediction, spectrum handoff model 

 

1 Introduction 
 

Nowadays, the amount of traffic being transported through the wireless networks is 

constantly increasing due to the rise on the number of users and the wireless 

applications increment [1]. That, alongside a fixed frequency allocation policy has 

occasioned a shortage on the frequency bands availability. However, results shown 

in the literature, have demonstrated that certain bands, such as 50 MHz to 700 MHz 

bands are being underused because their duty cycles are practically null. The 

spectral use time are lower than 10% [2], in contrast to some other bands such as 

those assigned to the cellular network which are currently saturated.  

 

The Cognitive Radio (CR) defined by the International Telecommunications Union, 

as “a radio or system that detects and is aware of its environment and can be 

adjusted in a dynamic and autonomous way according to its radio functioning para- 
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meters”, presents as a solution, the Dynamic Spectrum Access (DSA), making an 

opportunist and smart use of the frequency spectrum. This allows a non-licensed, 

or cognitive radio user, or also known as Secondary User (SU), to utilize a channel 

from an available licensed band, but as soon as the licensed user or the Primary 

User (PU) occupies that specific channel, the SU must move to another free 

frequency band. Other scenarios that are often considered to move to another 

frequency channel are when the occupied channel quality by the SU becomes 

downgraded, or when the SU interferes the PU, or if the SU´s mobility causes it to 

remain out of the coverage area. Under these conditions, the SU must free that 

channel and search for a new available channel (also known as spectral opportunity, 

spectral hole or blank space), in order to continue its transmission, and thus this is 

called spectral mobility or Spectral Handoff (SH) [3]–[7]. This confers the CR the 

ability to provide a great Bandwidth (BW) to the SU, through heterogeneous 

wireless architectures.  

 

The Cognitive Radio Networks (CRN) imposes challenges on the spectrum 

management, due to the fluctuating nature of the available spectrum and the Quality 

of Service requirements (QoS) of various applications [6], [8]. 

 

On the spectral mobility, the SH is developed based on the three main phases, 

measurement, decision and execution [9]. In the measurement phase, the Spectral 

Opportunity (SO) are detected, this can be accomplished through a centralized and 

distributed approach. In the decision phase, it´s decided “when” and “where” the 

SH will be performed, based on the multiple criteria and metrics selected. In the 

execution phase, the switch from the current to the new connection is performed, 

given the SH requirements previously mentioned. According to the set up SH 

model, the CRN performance can be affected by factors such as: latency, 

throughput, signposting, interference, bandwidth (BW), Signal to Interference Plus 

Noise Ratio (SINR) and Bit Error Ratio (BER), among others, [10], [11]. 

 

Spectrum´s inefficient and sporadic utilization, alongside the increase on its usage, 

have cause the QoS to downgrade on many wireless networks and applications, 

such as the cellular network. This has motivated some recent investigations which 

have found on the DSA a potential solution to the problem, materialized through 

the CR [3], [12]–[14]. This confers the CR the ability to significantly increase the 

spectral efficiency, because it allows SU to share the spectrum with PU 

opportunistically [3], [7].  

 

According to present investigations [3]–[6], [8], [15]–[19], the SH and particularly, 

the SH model, is the key feature to enable a continuous SU data transmission, seeing 

that by means of this, the number of channel switches could be reduced during an 

SU transmission, as well as, its latency, minimizing the channel degradation [15]. 

There are currently many SH model proposals, however, it is important to remark 

an SH model application strongly depends on the PU network characteristics. [20]–

[22].  



 

42                                                                                            Cesar Hernández et al. 

 

 

When an SO is not properly selected,  the data transmission may be paused, this 

causes a significant increase on the delay, which directly impacts the performance 

level and QoS of the SU communication [8]. According to this, finding a channel 

with the required characteristics  that allows to a SU to continue its data 

transmission is a significant matter in terms of spectral mobility [15]. The channel 

selection depends on many factors, such as the channel capacity, the channel 

availability during the SH and the probability of the channel to remain free in the 

future, among others. A poor channel selection can cause multiple SH, demeaning 

the overall performance [15], [23]. 

 

In order to solve the channel selection for proper SH, this research work shows an 

adaptive spectral handoff model that enhances the mobility performance for 

cognitive radio mobile networks. The proposed model modifies its behavior 

dynamically, according to the requirements and parameters of the SU 

communication. Pre-establish rules and criteria previously analyzed by the SU 

algorithm allows the SU to switch channels with low delay, because it´s not 

necessary to execute neither detection nor decision of the spectrum at the moment, 

and reduces the number of SH performed in order to complete the SU data 

transmission.  

 

The proposed spectral handoff adaptive model called MAPMFF, is a multi-model 

that according to the spectrum characteristics and the SU requirements, selects the 

best SH algorithm, among four algorithms developed, Fuzzy Analytical 

Hierarchical Process (FAHP), Feedback Fuzzy Analytical Hierarchical Process 

(FFAHP), Multichannel Fairness Allocation (MFA-CRN) and Proactive Predictive 

based on Time Series (PPTS).  The proposed model dynamically and conveniently 

selects the best SO based on the following Decision Criteria (DC),: Channel 

Availability Probability (AP), Estimated Time of Availability (ETA) of the channel, 

SINR and BW.  

 

The MAPMFF model is associated to an expert system [24] when relating as a user 

interface the mobile device whereby the user chooses the desired wireless 

application to be executed. The knowledge base is formed by the historic spectral 

occupation data base and the rules to choose the best spectral handoff algorithm.. 

The inference engine is represented by the analysis and decision making processes 

of a set of criteria. The dynamic update of a data base of the spectrum characteristics 

comprises the working memory.  

 

In order to evaluate the performance of the developed algorithms, a comparative 

analysis is performed among those and the most relevant SH algorithms from 

nowadays literature. Unlike previous work, the comparative survey was validated 

by tracing actual data from spectral occupation captured on the Global System for 

Mobile communications (GSM) frequency band [23], which models the actual PU 

behavior [25]. In the performance survey, two types of applications were 

considered: Real Time (RT) and Best Effort (BE), two types of traffic: High Traffic  



 

Multivariable adaptive handoff spectral model                                                          43 

 

 

(HT) and Low Traffic (LT),  and ten Evaluation Metrics (EM), Average 

Accumulated Handoff (AAH), Average  Accumulated Failed Handoff (AAFH), 

Average Band Width (ABW), Average Accumulated Delay (AAD), Average 

Accumulated Throughput, Fairness, Accumulated Average with no Interference 

Handoff (AAPH), Average Accumulated Interference Handoff (AAIH), 

Accumulated Average Perfect Handoff (AAEH) and Accumulated Average 

Anticipated Handoff (AAUH)  

 

The rest of the article is structured as follows. Section 2 describes work done in 

nowadays literature. Section 3 describes the methodology and investigation 

performed. Section 4 presents the design and development of the proposed model 

and the algorithms. Section 5 presents the accomplished results throughout the 

investigation. And finally, Section 6 presents conclusions. 

 

2 Related Work 
 

The MCDM method has been the most widely used for SH for research purposes 

[26]–[30]. The problems based on MCDM are diverse but share common 

characteristics, such as, choosing alternatives, multiple DC that describe the 

alternatives and a set of weights that represent the relative importance for each DC 

[31]. According to this, MCDM is a mathematical tool adapted to model the SH 

process. Various MCDM methods have been proposed in the literature about SH, 

such as, SAW [32], [33], TOPSIS [32], [34], MEW [35], [36], GRA [37], [38], 

ELECTRE [39], Weighted Markov Chain (WMC) [40] and VIKOR [37], [41]. 

Authors on [31] present an extensive comparative study about the seven MCDM 

methods previously mentioned. Through simulations in Matlab using random data, 

they evaluate each method´s performance based on three different applications,: 

voice, data and cost restrictions. The authors also analyze the sensibility of each 

method and its computational cost in terms of the floating point operations number. 

The results show that the algorithms VIKOR and MEW present the best 

performance on the three applications.  

 

One of the MCDM methods with the best obtained results has been the Analytical 

Hierarchical Process (AHP) algorithm.  AHP has demonstrated to be effective 

alternative in order to evaluate and select the SO [26], [27], [38], [42], [43]. On the 

other hand, MCDM classic methods cannot efficiently solve a decision problem 

that contains inaccurate information. However, diffuse logic resolves this problem 

satisfactorily, because it can evaluate and combine multiple criteria simultaneously. 

Complementing AHP with diffuse logic results on the FAHP algorithm [44], [45] 

which allows enhancing information and criteria evaluation subjectivity and 

uncertainty management.  

 

The work presented in [46] corresponds to the first part of a series of results 

regarding to the study about the use of the Proportional algorithm usefulness 
function as a basis for resources assignment and wireless networks planning of multiple 
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multichannel speeds. They present the fundamental properties and the physical –

economic interpretation of the Proportional optimization. Likewise, it contains 

optimum solutions characteristics that are useful for Proportional algorithms 

construction. It is found that, in general terms, a solution for Proportional consists 

of many assignments from scratch during the time on air, when the difference 

between the number of users and the number of channels is high. Many Proportional 

optimization algorithms are presented, including a quick algorithm that permits a 

parallel implementation. Finally, there is a study about the Proportional usefulness 

for assigning resources to the large-scale Wi-Fi networks consisting of many 

adjacent wirelesses LAN. 

 

The second part of the research [47] described on the previous paragraph studies 

the Proportional usefulness function use as a basis for assigning resources and 

wireless networks programming of multiple multi-channel speeds. This second part 

of the research, studies the subcarrier assignment and the OFDM modulation 

programming on cellular wireless networks. It also introduces the concept of a 

normalized Doppler W frequency in order to capture the grade on which the 

opportunist programming can be exploited to increase the throughput-Fairness 

relation gain performance.  

 

The authors on [48] propose a transmission strategy for CRN with various SO, 

based on a proactive SH through dynamic programming. On this approach the SU 

predicts the future spectrum status and decides whether it will remain inactive, or 

stay in the present SO, or change to a new one, to continue its transmission. Results 

obtained show that the proposed scheme achieves a high efficiency on data 

transmission compared to always wait and always change conventional schemes.  

 

3 Material and Methods 
 

The current work is structured as follows. First, a study was made about the state 

of the art which allows the identification of the most relevant aspects on the SH in 

the CRN, as well as, the most relevant algorithms found in the literature. Second, 

based on the previous information analysis, a methodology was designed to 

evaluate the performance and mobility on CR mobile networks. Third, data capture 

of actual spectral occupation was performed on the GSM band to analyze its and 

PU´s behavior. Fourth, processing of captured data was made in order to build 

organized information data bases about PU´s behavior and the spectral resources 

characteristics of the bands; the data bases where classified by High (HT) and low 

(HT) traffic load. Fifth, to determine the DC for choosing the best SO and to 

calculate its historical values based on the data bases information, complementing 

them. Sixth, selected and developed the most relevant SH algorithms of present 

literature. Seventh, to design and to develop four innovative SH algorithms. Eighth, 

based on the four SH algorithms, to built the adaptive model proposed for SH. 

Ninth, based on the state of the art analysis of SH on CRN, to design 10 EM to 

evaluate the performance of the proposed algorithms in this work, for the proposed  
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four survey scenarios, considering two types of applications, RT and BE, and two 

traffic loads, HT and LT. Tenth, based on all the previous information, to design 

and to develop the SH algorithms, considering the actual PU behavior. Eleventh, 

with the results obtained based on the simulations, to evaluate its performance 

comparatively for each of the EM. Twelfth, based on the comparative analysis, to 

adjust and to modify the adaptive multivariable model proposed. 

 

3.1   Evaluation Methodology 

 

Based on obtained information analysis through the literary review about SH for 

CRN, a methodology was designed in order to evaluate the mobility performance 

on CR mobile networks. This evaluation consisted of a comparative analysis of the 

performance among the most relevant SH for CRN algorithms in current literature 

and those developed on this investigation. The performance survey was made for 

ten EM: AAH, AAFH, ABW, AAD, AAT, Fairness, AAPH, AAIH, AAEH and 

AAUH, in four different scenarios: GSM-RT-LT, GSM-RT-HT, GSM-BE-LT, 

GSM-BE-HT. 

 

In order to obtain each algorithm´s survey information, on the ten EM, for the four 

described scenarios, three innovative simulation tools were developed which 

progressively rebuild the spectrum´s occupation behavior using experimental data 

traces captured on the GSM band. This allows considering, within the simulation, 

an approach to the actual PU behavior and therefore, obtaining a more exact 

validation of each algorithm. Spectral occupation data correspond to one month of 

observation, captured in Bogotá D.C, Colombia [23]. 

 

If an SU transmit during φ minutes, the simulation tool developed performs the 

following procedure:  

 

 First, the SU updates the DC value based on the previous information to the 

current Time Instant (TS), named τ0, on which the SU requests the spectral 

resource.  

 Second, it ranks the SO classification based on the scored obtained for each one, 

according to SH algorithm methodology being evaluated. 

 Third, the algorithm selects the SO that occupies the first place in the frequency 

ranking and assigns it to initiate transmission. 

 Fourth, at the moment, named τ1, the data base is verified, captured and 

processed (data trace), if the selected SO is available (it is important to remark 

that the SH algorithm only know the AP and not the real time information of 

each SO availability). If so, the EM AAH is increased by one and moves 

forward to the next step, otherwise, the EM AAH is increased by one, selects 

the SO that occupies the next SO in the ranking and returns to the fourth step.  

 Fifth, the simulation tool verifies on each TS, through the data base, if the SO 

being used by the SU is still available.  
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 Sixth, at the τk moment, where the selected SO is occupied by a PU, meaning 

that the SO is not available anymore according to the data base, and if Δτ = τk 

– τ1is less than 60 seconds, then the next SO in the ranking is selected and 

returns to the fourth step, otherwise, τ0 is updated with the current time value y 

returns to the first step.  

 Seventh, if during ζ seconds there is no available channel, the communication 

is given for lost.  

 

3.2   Decision Criteria 

 

Now, it is necessary to obtain the values from the DC: AP, ETA, SINR and BW, 

for each of the training matrix, because the evaluation is unknown by the SH 

algorithms. The AP variable, corresponds to the normalized working cycle analysis 

for each one of the 500 potential SO.  

 

The ETA variable, corresponds to the average availability time of each channel. 

First, it is calculated all the intervals of time on which every single channel was 

continuously available and then to take average of those intervals for each channel.  

 

The SINR variable, corresponds to the average ratio between the signal power and 

the average noise floor.  

 

The BW variable, corresponds to each channel average BW. All of them have the 

same BW equal to 100kHz, so the average is always the same, thus the BW variable 

is not relevant. Therefore, it was decided to take for add the BW of each potential 

SO up to four adjacent channels, both left and right, as long as they were 

consecutively available to form one single big channel. On the GSM band all 

channels have a 200kHz BW, however, due to the technical parameters set up on 

the spectrum analyzer, the measurement campaign showed spectral occupation data 

for frequency segments with a fixed 100kHz BW.  

 

3.3   SH Algorithms Selection 

 

Based on a current literary revision about the SH for CRN, SH algorithms were 

selected and used to compare the developed algorithms and proposed in this work. 

To make this selection, it was taken into consideration, not only the algorithm 

results, but also its mathematical foundation and a clear methodology that would 

allow its reproduction. The MCDM methods are a proper mathematical tool to 

model the SH process when multiple variables are involved demonstrating to be an 

effective alternative to evaluate and select the SO, therefore, these have been widely 

used for SH as shown in the literature review, [26]–[30]. The chosen algorithms 

are, SAW [32], [33], TOPSIS [32], [34], MEW [35], [36], VIKOR [37], [41] y AHP 

[26], [27], [38], [42], [43]. 
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For each of the selected SH algorithms, there were two versions developed, one 

focusing on RT applications, and another focusing on BE applications; for example, 

in the case of SAW, there´s SAW-RT y SAW-BE.  

 

In the case of the MFA-CRN algorithm, a comparative evaluation was made with 

the Max-Min and Proportional algorithms because they are the most relevant ones 

found in current literature in terms of even multichannel assignment [10]. 

 

4 MAPMFF Model 
 

The MAPMFF model, is a multi-model that according to the spectrum 

characteristics and the SU requirements, selects the best SH algorithm, out of four 

algorithms developed: FAHP, FFAHP, MFA-CRN y PPTS. Below, this four 

algorithms are described and finally the MAPMFF model. 

 

4.1   FAHP Algorithm 

The hierarchical structure of the FAHP algorithm can be observed in Figure 1. Once 

the hierarchy has been obtained, the judgment matrix is built, which corresponds to 

the comparative evaluations that define the relative importance level on each 

possible combination of subcriteria couples, for this case. 

 

 
 

Figure 1. Proposed Structure for FAHP Algorithm 

 

According to Büyüközkan [49] “people in charge of decision making usually find 

to feel better by presenting their judgments as an interval, instead of providing a 

punctual and fixed value. This is because he, she or they, are incapable of explaining 

their preferences, due to the diffuse nature on the human comparison processes”. 

This is why it has been decided to work with a TFN scale, presented on Table 1. 

The diffuse importance scale was obtained out of the fundamental importance scale 

conversion of nine levels to diffuse numbers presented by Büyüközkan on [49].  
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Table 1. Reciprocal TFN and TFN for FAHP Scale of Importance 

 

Nomenclature Escale of Importance TFN Reciprocal TFN  

EI Equally Important (1/2, 1, 3/2) (2/3, 1, 2) 

MI Moderately More Important (1, 3/2, 2) (1/2, 2/3, 1) 

SI Strongly More Important (3/2, 2, 5/2) (2/5, 1/2, 2/3) 

VSI Very Strongly More Important (2, 5/2, 3) (1/3, 2/5, 1/2) 

XI Extremely More Important (5/2, 3, 7/2) (2/7, 1/3, 2/5) 

Source: [44], [49]–[56] 

 

The judgment matrix was build based on the results obtained with a modification 

on Delphi´s method, proposed on [45]. First round results were used on the second 

round for both RT and BE approaches. The decision process repeats until results 

converge, which are presented on the judgment matrix for sub criteria with RT and 

BE approaches.  

 

Having defined the matrix, the normalized weights were calculated for each sub 

criteria, based on the model proposed by [44]. This results are based on the diffused 

extended analysis presented on [57]. Based on the procedure described on [45] 

results from the weight vector corresponding to the RT sub criteria is observed on 

Table 2, while the one corresponding to the BE sub criteria is observed on Table 3.  

 

Table 2. Normalized weights for each sub criteria RT. 

Sub criteria RT AP ETA SINR BW 

Normalized weights 0.3593 0.2966 0.1970 0.1471 

 

Table 3. Normalized weights for each sub criteria BE. 

 

Sub criteria BE AP ETA SINR BW 

Normalized weights 0.1607 0.1523 0.3949 0.2921 

 

The normalized weights describe the relative importance level of each sub criteria 

for selecting the back channel according to the RT or BE criteria. With the weights 

described on Table 2 and Table 3, all available frequency channels are evaluated, 

which are part of the alternatives on FAHP´s algorithm hierarchy developed and 

are classified on high to low score ranking, being the highest score channel the one 

selected as a backup channel. Each SO´s score is calculated using the Eq. (1) for 

the RT approach and Eq. (2) for the BE approach. The highest score SO is the target 

SO, the SO with the second highest score, is the backup SO, and the rest are 

candidate SO ranked from high to low score. 

 
_ 0.3593 0.2966 0.1970 0.1471iScore RT AP ETA SINR BW       

 
(1) 

 

_ 0.1607 0.1523 0.3949 0.2921jScore BE AP ETA SINR BW         (2) 
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4.2   FFAHP Algorithm 

 

The FFAHP algorithm proposed aims to increase the SO selection precision. In 

order to attain this, FFAHP feedbacks the information from the SO surveys 

previously performed. The SO selection is made based on the spectrum´s present 

information and previous evaluations.  

 

Initially, the spectrum´s detection process captures the frequency, power and time 

information. The amount of captured data will depend on the RBW, Span and sweep 

time parameters, configured on the spectrum´s analyzer [23].  Captured data is 

stored in a data base. Periodically, the information processing unit calculates the 

DC value AP, ETA, SINR and BW, and normalizes them in a base of 100. The 

FAHP algorithm each DC´s updated data and proceeds to evaluate each SO. If it is 

an RT application it uses the Eq. (1), and if it´s a BE application it uses Eq. (2). 

Where Score i is the assigned score to the SO i for the RT application and Score j 

is the assigned score to the SO j for the BE application. The survey score range can 

be between 0 and 100, being 100 the best possible score. Figure 2 illustrates FFAHP 

algorithms design.  

 

 

 
 

Figure 2. FFAHP proposed algorithm scheme 

 

 

On this part of the process, there´s a ranking for each of the SO, only based on DC´s 

present information. However, the best evaluated SO up to now could not be the 

one selected at the end, because this evaluation value is weighted with surveys made 

in the past. The feedback process receives the present surveys (PS) of each SO and 

weighs them with the last recent survey (LS) and the average survey (AS) 

performed within the last hour. This weight results on the definitive SO ranking. 

This process is described on Eq. (3).  
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/_ (1 )i jFinal Score PS LS AS            (3) 

 

Where α and β ϵ [0,1], and Final_Score_i/j is the SO final survey value i or j. 

 

The SO with the best final survey is selected to start the SU data transmission. Later, 

the feedback block transfers the PS value to LS and updates the AS value according 

to the new LS value. If the SO selected at the end is busy, the FFAHP overwrites the 

LS value in zero for the respective SO.     

 

4.3   MFA-CRN Algorithm 

 

MFA-CRN is a multichannel assignment algorithm with equity, meaning that it 

considers the Fairness criteria. This equity is a special property of the assignment 

algorithms, on which a wireless network with insufficient resources, tries to equally 

assign resources to the users.  

 

In order to make the multichannel assignment, an analysis was made on BW´s 

demand of the SU, and it was quantified based on the number of channels required 

(channel demand) according to the type of application being executed by each SU. 

The channels demand sets the number of requested by the SU. This demand can 

consist of one single channel (simple) or can consist of multiple channels 

(multichannel). As part of the analysis of this investigation, four types of demands 

were formulated (see Table 4), in order to evaluate the proposed algorithm 

performance under different scenarios.  

 

The four types of SU shown on Table 4, which demand 10, 4, 2 or 1 channel, were 

determined through a transference rate analysis corresponding to five types of 

services or applications that an SU commonly uses nowadays and which demand is 

growing. Those services are:  

 

 Voice services: Demand 1 channel, denoted by SU1 

 Web services: Demand 2 channels, denoted by SU2 

 Streaming services: Demand 4 channels, denoted by SU4 

 Videoconference or multimedia services: Demand 10 channels, denoted by 

SU10 

 

Table 4. Demand channels scenarios for the four types of SU 

 

Demand Description SU10 SU4 SU2 SU1 
Total 

SU 

DMA Strong overallocation 5 5 10 20 40 

DMB Slight overallocation 10 10 15 30 65 

DMC Slight sub-allocation 25 15 25 35 100 

DMD Strong sub-allocation 40 15 20 25 100 
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The characteristics of all four demand types on Table 4 are:   

 

Demand A (DMA): On this type of demand, the offer is much higher than the 

demand, so that not only a channel reserve for future users can be made, but it also 

allows to assign additional channels for all 40 users. That additional assignment can 

consist of one or more channels per user.  

Demand B (DMB): On this type of demand the offer is slightly higher than the 

demand.  

 

Demand C (DMC): On this type of demand the offer is lower than the demand, 

therefore, a channel reserve is not possible, moreover, not all of the channels 

demanded by the users can be assigned, reducing its BW (penalty).  

 

Demand D (DMD: On this type of demand the offer is much lower than the demand. 

The difference between this one and Demand C, is that the penalty on demand D is 

stronger, even causing the service to be lost.  

 

The Figure 3 generally describes in block diagram the proposed Multichannel with 

Fairness Assignment Model. The first block, named “spectral occupation data base” 

contains the spectral occupation data corresponding to the (824 MHz - 874 MHz) 

GSM band. This block is the input supply for the “spectral information processing” 

block, which task is to determine the occupation or availability of each GSM band 

channel, according to the false alarm probability equation. On the other hand, the 

block named “Demand SU bandwidth” contains the information of the number of 

users who demand 10 channels, 4 channels, 2 channels and 1 channel. This block 

will have four types of demand to evaluate the MFA-CRN algorithm against the 

Proportional and Max-Min algorithms.  

 

 
 

Figure 3. General structure of proposed MFA-CRN algorithm 
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The rectangular area corresponds to the proposed model, composed by three blocks 

or Algorithms: (1) Available multichannel location algorithm, (2) multichannel 

bands ranking algorithm, and (3) multichannel assignation algorithm with equity 

(MFA-CRN). For the first one, its function is to organize the available channels into 

multichannel frequency bands; the second one is in charge of ranking the 

multichannel bands in terms of the selected decision criteria; the third one and most 

important one is in charge of determining how many and what channels will be 

assign to each SU according to its channel demand request and their available offer.  

 

 

The MFA-CRN algorithm adapts its procedure according to the demand and offer 

behaviors of selected spectral band channels, therefore, the two possible scenarios 

were considered when assigning resources:  

 

 Scenario 1: Spectral resources higher than users demand 

 Scenario 2: Spectral resources lower than users demand 

 

4.4   PPTS Algorithm 

 

The main objective when developing the PPTS multivariable algorithm is to reduce 

the interference level among the PU and the SU. PPTS algorithm development is 

composed by two algorithms, a predicting one in charge of forecasting PU´s arrival 

and another MCDM algorithm in charge of selecting the SO. The prediction 

algorithm aims to inform the MCDM algorithm when the SH should be performed 

and the MCDM algorithm decides where to do it. In order to achieve this, the 

prediction algorithm models the power time series measured on each channel. Then 

it forecasts for each TS the power for the respective channel and based on the 

decision threshold given by the false alarm probability equation, predicts whether 

the channel will be busy or available. The forecasts scope goes up to the TS where 

the algorithm predicts that the channel will be occupied by a PU.  

 

 

The Figure 4 describes the PPTS algorithm´s block diagram. First, the information 

processing module calculates de average DC value with the data base information, 

and delivers it to the MCDM algorithm. Second, the MCDM algorithm updates the 

SO ranking, selects the best one and informs to the prediction algorithm. Third, the 

prediction algorithm forecasts during how many TS the selected SO will be 

available and informs to the SH module. Fourth, the SH module performs the SH 

when the predicted SH has been carried out or when a PU arrives, whatever occurs 

first. Finally, the data base is updated with the last SH information and the cycle 

repeats until the SU transmission time is up. 
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Figure 4. Proposed PPTS algorithm scheme. 

 

Although nowadays there are many prediction models, time series were selected, 

due to its good results evidenced on publications and to its low computational level, 

since those are lineal models [25]. Time series are suitable models for correlated 

series as mobile networks traffic [25]. Aiming to analyze the performance on 

different time series types, models AR, MA and ARMA were selected, in order to 

predict the PU behavior, since those are models with the best relation among 

performance and complexity [25]. Furthermore, in order to evaluate the reduction 

on the PPTS algorithm´s interference level, results from MCDM algorithm were 

also included without combining it with any prediction algorithm.  

 

In order to develop the three time series models AR, MA and ARMA, the Box-

Jenkins [58] was followed since it´s the mostly used and recognized one. This 

methodology consists of building time series model in four stages: (1) 

Identification, (2) Parameter o, (3) Model verification, and (4) Model forecasts. 

This methodology is an iterative process [58]. 

 

Since there´s an AR, MA and ARMA model for each of the 500 GSM channels, 

and all of them are capable of updating, it doesn’t make any sense to present those 

models. However, Eq. (4), (5) and (6), describe the general mathematical models 

of the time series AR, MA and ARMA, respectively, and Table 5 presents the 

models order and its error percentage in the power time series modeling (not 

availability).  

  

 

1 1t t p t p tZ Z Z a      (4) 

  

 
1 1t t q t qX a a       (5) 
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1 1 1 1t t q t q t p t p tZ a a Z Z a             (6) 

 

Table 5. Time series proposed models 

 

Model p order q order LT Error HT Error 

AR 19 0 2.47 % 3.43 % 

MA 0 19 2.48 % 3.90 % 

ARMA 19 19 2.20 % 3.19  

 

4.5   MAPMFF Model 

 

The Multivariable Adaptive Predictive Multichannel Feedback Fuzzy SH model 

named MAPMFF, is multi-model initially conformed by the four algorithms 

previously developed: FAHP, FFAHP, PPTS and MFA-CRN. MAPMFF 

additionally has a decider algorithm in charge of selecting which of the four 

algorithms developed is the most appropriate to control the spectral mobility 

process, according to the SU requirements (on the actual application to be executed) 

and the radio environment characteristics and the scenario where the SU 

communication is developed.  

 

4.5.1   Decider algorithm 

 

The decider algorithm´s design is based on a set of rules that will allow it to decide 

which SH algorithm is the better according to the SU requirements and the radio 

environment characteristics and the scenario where the SU communications occurs, 

also named DC. The DC in order for the decider algorithm to smartly select which 

algorithm is the most appropriate to control the spectral mobility process, are 

classified into information, control and target variables (see Table 6).  

 

The first ones provide information that can help to a better decision making by the 

decider algorithm; the second ones are those variables that can be manipulated by 

part of the SH model in order to gain significant changes on the target variables; the 

third ones are those variables that determine the SH model performance level and 

from which there are expected values within specific ranges.  

 

Table 6. DC for the decider algorithm 

 

Information variables Control variables  Target variables  

Network type Operation frequency  Interference level 

Traffic level Transmission power  Delay level 

Application class  Modulation Throughput level 

Traffic path PU/SU Codification Handoff rate 

DC: AP, ETA, SINR, BW Bandwidth  
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The Figure 5 presents the initial MAPMFF model proposal, later, based on the 

results obtained from this investigation; the necessary and pertinent adjustments 

will be made aiming to enhance the model´s performance.    

 

 

 
 

 

Figure 5. Initial proposal of the SH MAPMFF multivariable adaptive model 

 

 

5 Results 
 

This section presents a comparative evaluation of the four developed algorithms 

performance: FAHP, FFAHP, MFA-CRN and PPTS, and the most relevant 

algorithms related in the current literature on the topic SH for CRN. The 

comparative evaluation was made based on the ten EM: Average Accumulated 

Handoff (AAH), Average Accumulated Failed Handoff (AAFH), Average Band 

Width (ABW), Average Accumulated Delay (AAD), Average Accumulated 

Throughput, Fairness, Accumulated Average with no Interference Handoff 

(AAPH), Average Accumulated Interference Handoff (AAIH), Accumulated 

Average Perfect Handoff (AAEH) and Accumulated Average Anticipated Handoff 

(AAUH). 

 

 

The aforementioned EM were calculated for the HT and LT trace as well as the RT 

and BE approaches, which caused four evaluation scenarios for each metric: GSM-

RT-LT, GSM-RT-HT, GSM-BE-LT, GSM-BE-HT, previously described.  
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However, due to the great amount of figures, it is not possible to present them all, 

so only the most interesting are shown and the full information will be condensed 

on Tables 7, 8, 9, 10 and 11.  

 

The results presentation is organized in four parts, (1) Results of FAHP and FFAHP 

hybrid algorithms; (2) Results of the MFA-CRN multichannel hybrid algorithm; (3) 

Results of the PPTS proactive-predictive algorithm; and (4) Definitive SH 

MAPMFF multivariable adaptive model. 

 

5.1   FAHP and FFAHP Algorithms 

 

The Figure 6 describes the AAH presented on each SH algorithm during a 10 

minutes transmission, for a HT and LT trace, with RT and BE approach, in a GSM 

network. In the same way, Figure 7 describes de ABW.  

 

The Table 7 presents the performance comparative percentages of each algorithm 

by scenario type, for the GSM network. In those tables, ANS means Average 

Normalized Score (ANS).  

 

 

 
 

 

Figure 6. AAH on each scenario  
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Figure 7. ABW on each scenario  

 

Table 7. Global Benchmarking in each scenario for GSM network 

 

Scenario  MEW SAW TOPSIS VIKOR AHP FAHP FFAHP RA 

RT with LT 92.96 95.43 95.88 95.35 94.96 95.13 99.23 40.29 

RT with HT 92.73 92.91 92.25 92.83 95.54 93.38 94.41 27.48 

BE with LT 88.3 90.52 88.86 88.67 90.14 89.8 100 40.61 

BE with HT 94.94 91.37 94.5 93.33 96.59 96.58 99.33 26.51 

ANS RT 95.92 97.31 97.19 97.21 98.4 97.41 100 34.9 

ANS BE 91.89 91.22 91.98 91.29 93.67 93.48 100 33.59 

ANS LT 90.98 93.33 92.73 92.37 92.91 92.82 100 40.61 

ANS HT 96.87 95.12 96.39 96.09 99.17 98.05 100 27.87 

Total ANS 92.23 92.56 92.87 92.55 94.31 93.72 98.24 33.72 

 

5.2   MFA-CRN Algorithm 

 

The Figure 8 describes de ABW presented on each SH algorithm during a 10 

minutes transmission, in a GSM network, with four different demand types (DMA, 

DMB, DMC, DMD), on HT and LT, for each application class: SU1, SU2, SU4 

and SU10, respectively. In the same way Figure 9 describes the Fairness level.  

 

The Table 8 and Table 9 present the performance comparative percentages of each 

algorithm by scenario type and SU type.  
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Figure 8. ABW for each application type with DMA and DMD 
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Figure 9. Fairness on each scenario 
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Table 8. Global Benchmarking in each scenario for GSM network for the four 

types of SU 

 

Scenario 

SU1 SU2 SU4 SU10 

MFA 
Max-

Min 
Prop. MFA 

Max-

Min 
Prop. MFA 

Max-

Min 
Prop. MFA 

Max-

Min 
Prop. 

DMA LT 87.76 62.33 60.45 89.18 62.51 64.76 100 87.71 86.48 89.7 64.64 67.17 

DMA HT 89.39 66.56 69.17 85.16 73.76 76.25 94 97.6 98.94 88.65 65.87 68.57 

DMB LT 100 90.22 92.26 87.83 68.55 69.77 100 94.71 95.89 91.04 77.78 81.4 

DMB HT 100 93.56 92.35 88.6 75.68 77.67 98.99 99.61 96.47 94.88 77.14 78.36 

DMC LT 100 92.66 97 97.26 89.41 96.17 98.59 95.7 95.58 100 94.99 92.89 

DMC HT 100 93.11 95.2 99.45 97.17 96.68 99.46 99.7 98.94 99.7 96.29 97.81 

DMD LT 98.75 94.05 97.48 97.9 97.54 95.3 98.47 99.86 95.82 100 95.27 99.05 

DMD HT 99.54 98.28 97.9 98.92 96.13 95.9 99.89 99.25 98.22 100 96.18 96.62 

ANS DMA 100 72.76 73.17 100 78.16 80.88 100 95.52 95.58 100 73.18 76.11 

ANS DMB 100 91.89 92.31 100 81.75 83.57 100 97.65 96.67 100 83.33 85.93 

ANS DMC 100 92.89 96.1 100 94.85 98.04 100 98.66 98.22 100 95.78 95.49 

ANS DMD 100 96.99 98.53 100 98.4 97.14 99.62 100 97.45 100 95.73 97.84 

ANS LT 100 87.78 89.83 100 85.45 87.59 100 95.19 94.13 100 87.38 89.43 

ANS HT 100 90.38 91.18 100 92.1 93.11 99.04 100 99.09 100 87.54 89.07 

Total ANS 96.93 86.35 87.73 93.04 82.59 84.06 98.68 96.77 95.79 95.5 83.52 85.23 

 

 

Table 9. Global Benchmarking for GSM network for the four types of SU 

 

Application MFA-CRN Max-Min Proportional 

ANS SU1 100 89.08 90.51 

ANS SU2 100 88.77 90.35 

ANS SU4 100 98.06 97.07 

ANS SU10 100 87.46 89.25 

Total ANS 100 90.84 91.8 

 

 

5.3   PPTS Algorithm 

 

The Figure 10 describes de AAH presented on each SH algorithm during a 10 

minutes transmission, for a HT and LT trace, with RT and BE approach, in a GSM 

network. In the same way Figure 11 describes de AAPH.  

 

The Table 10 presents the performance comparative percentages of each algorithm 

type by scenario type.  
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Figure 10. AAH on each scenario 

 

 

 
 

 

Figure 11. AAPH on each scenario 
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Table 10. Global Benchmarking in each scenario for GSM network 

 

 Scenario AR MA ARMA Reactive 

RT with LT 76.59 89.52 76.63 47.9 

RT with HT 72.56 66.91 70.58 46.37 

BE with LT 68.68 68.98 72.99 47.71 

BE with HT 74.18 70.91 73.18 45.93 

ANS RT 95.54 100 94.33 59.88 

ANS BE 97.74 95.69 100 63.92 

ANS LT 91.65 100 94.4 60.32 

ANS HT 100 93.92 97.97 62.9 

Total ANS 73 74.08 73.35 46.98 

 

5.4   Definitive MAPMFF Model 

 

According to the results obtained, an analysis of each algorithm was made and the 

scenarios on which they best performed. The Figure 12 describes the definitive SH 

MAPMFF multivariable adaptive model and Table 11 shows the decider 

algorithm´s selection rules. Here it´s observed that the FAHP algorithm was 

substituted by the SAW algorithm, due to its better performance.  

 

 

 

 

Figure 12. Definitive SH MAPMFF model 
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Table 11. Selection rules decider algorithm 

 

Network 

Type 
Application Class 

Offer / 

Demand 

PU Traffic 

Pattern 

Traffic 

Level 

Selected 

Algorithm 

GSM 
RT (SU1, SU4, 

SU10) 

Greater or 

equal to 1 
Anyone Anyone MFA-CRN 

GSM 
RT (SU1, SU4, 

SU10) 
Less than 1 Anyone Anyone FFAHP 

GSM BE (SU2) Anyone Known LT PPTS-MA 

GSM BE (SU2) Anyone Known HT PPTS-AR 

GSM BE (SU2) Anyone Unknown Anyone FFAHP 

 

6 Discussion 
 

Analyzing the SH, FAHP and FFAHP hybrid algorithm´s performance, among the 

most relevant selected out of current literature, such as, VIKOR, TOPSIS, SAW, 

MEW and AHP, the following can be observed: In Table 7, a global comparison is 

made of each SH algorithm on the four raised scenarios in the GSM network 

methodology, from which it can be notated that on the general global score the 

FFAHP algorithm has the best performance, with a 4% margin with regards to the 

second one. However, it is interesting to analyze which algorithms are the best on 

each scenario. In the case of RT on LT, BE on LT and BE on HT, the FFAHP 

algorithm is the one that performs best, only in the RT on HT scenario it was given 

second place with a 1.13% difference with regards to the AHP algorithm (the best 

RT on HT). Given the shorten difference it is safe to say that the FFAHP algorithm 

is the dominant algorithm on the GSM network for all of its four scenarios. 

 

Analyzing the performance of the SH, MFA-CRN multichannel hybrid algorithm, 

among the most relevant ones, selected out of current literature, such as 

Proportional and Max-Min, the following can be observed. From Table 8 and Table 

9, there´s a global comparison of each SH algorithm in the four raised scenarios on 

the (DMA-LT, DMA-HT, DMB-LT, DMB-HT, DMC-LT, DMC-HT, DMD-LT y 

DMD-HT) multichannel methodology for the GSM network. Here it can be 

observed that on the general global score the MFA-CRN algorithm has the best 

performance with an 8.2% margin with regards to the second one. However, it´s 

interesting to analyze which algorithms are best on each scenario, when making the 

analysis by SU type and by traffic type, once again the MFA-CRN ends up 

dominating; but, making an analysis by demand type, MFA-CRN has the best 

performance on DMA and DMB, with a 6.28% and 5.26% margin respectively, 

while Proportional is the best on DMC and DMD, with a 0.18% and 0.06 margin 

respectively, over the MFA-CRN algorithm. According to this, and adding the 

Fairness comparative results, it can be concluded that the MFA-CRN algorithm is 

dominant in all scenarios designed on the GSM.  
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Analyzing the performance of the SH, PPTS proactive predictive algorithm, 

combining with the most relevant time series, selected out current literature, such 

as: AR, MA and ARMA, among PPTS reactive version, the following can be 

observed. On Table 10, there´s a global comparison of each SH algorithm on the 

four raised scenarios in the methodology for the GSM network, here it can be 

observed that the general global score the PPTS-MA algorithm has the best 

performance, with only a 0.73% margin with regards to the second one. Therefore, 

it´s interesting to analyze which algorithms are the best on each scenario, in the case 

of RT en HT and BE on HT, the PPTS-AR algorithm has the best performance, for 

RT on LT, the best one is PPTS-MA, and finally, for BE on LT, the best one is 

PPTS-ARMA. If results are averaged it can be concluded that PPTS-AR is the best 

algorithm for HT, with a 2.03% margin with regards to the second one, and PPTS-

MA is the best on LT, with a 5.6 margin with regards to the second one.  

 

The most significant advantage of PPTS algorithm is its capacity to lower the 

interference level, on the GSM network the PPTS-ARMA algorithm has the best 

performance on this matter, with only a 1.97% margin with regards to PPTS-AR, 

however, with the purpose of not having multiple prediction models, PPTS-AR was 

selected over PPTS-ARMA, due to its great general performance and its low 

difference margin against it. However, the PPTS algorithm also has a significant 

disadvantage, which is the increase on the AHH value of 23.75, due to the 

vagueness on the algorithm´s prediction.  

 

Based on the results obtained, an SH multivariable adaptive model is proposed 

based on a multi-model capable of selecting the SH algorithm developed that allows 

to obtain the best performance according the spectral resources characteristics and 

the QoS requirements of the SU. The Figure 12 describes the SH MAPMFF 

multivariable adaptive model proposed and Table 11 summarizes the decision rules 

of the decider algorithm on the MAPMFF model.  In regards to Figure 12, it can be 

observed that FAHP algorithm is not part of the multivariable adaptive model, 

because in most scenarios FAHP´s performance, even though it is within the best 

three, it was always surpassed by FFAHP, and in the few EM where it was the best, 

when it was averaged with the other EM its result ended up being affected. In 

replacement, SAW algorithm came up which showed an outstanding performance. 

The PPTS algorithm was combined with models AR and MA, which showed the 

best performance balance for the EM used on the different scenarios. 

  

In regards to Table 11, it was made as follows. For the GSM network, with RT 

approach (SU1, SU4 and SU10), only when the offer is higher than the demand, the 

MFA-CRN algorithm is selected, regardless of the PU traffic path nor the traffic 

level; since otherwise, the Fairness measure would significantly reduce. In the case 

that the offer is not higher than the demand, an algorithm that provides a low delay 

level must be searched (approach RT) and a high Throughput level (by amount of 

information to be transmitted by SU4 and SU10), the algorithm that shows the best 

balance on this two EM is FFAHP.  
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For the GSM network with BE approach (SU2), it tends to take advantage from the 

fact that the traffic path is known in order to predict about the SO occupation, for 

LT, PPTS-MA has the best performance and for HT, PPTS-AR has the best 

performance. If the traffic path is unknown, the algorithm with the best performance 

in terms of Throughput is FFAHP, on both LT and HT. The PPTS algorithm is not 

taken into account for RT approach applications because its increment on AHH 

affects AAD and AAT. Instead, for applications with BE approach it´s interesting 

being able to lower the interference level in spite of the reduction on AAD and AAT.  

 

The offer/demand variable is only considered for applications with RT approach, 

because its input is not quite significant for BE. Conversely, the traffic path variable 

is only taken into account for applications with BE approach, because its average 

input is negative for RT. In some cases, the best algorithm is the best for both LT 

and HT, therefore, the traffic level variable takes the value of anyone on Table 11.  

 

7 Conclusions 
 

According to the results achieved, it can be concluded that there is not algorithm 

that performs outstanding on every evaluation metric and for all simulation 

scenarios (network type, application type, traffic load). Each algorithm can 

satisfactorily perform for certain evaluation metrics and for certain scenarios. 

Therefore an interesting proposal is the design of spectral handoff multivariable 

adaptive model which change its behavior according to the requirements of the 

applications being developed during the secondary user communication.  

 

The Multivariable Adaptive Predictive Multichannel Feedback Fuzzy SH model 

named MAPMFF, is multi-model initially conformed by the four algorithms 

previously developed, FAHP, FFAHP, PPTS and MFA-CRN. MAPMFF 

additionally has a decider algorithm in charge of selecting which of the four 

algorithms developed is the most appropriate to control the spectral mobility 

process, according to the SU requirements (on the actual application to be executed) 

and the radio environment characteristics and the scenario where the SU 

communication is developed. 

 

MAPMFF, developed in this work, it is a tool for decision making that allows to 

effectively taking advantage of the spectral opportunities. The proposed algorithm´s 

performance validation was presented through real spectral occupation data 

captured on experiments performed on the GSM frequency band. However, the 

algorithm´s application can also be extended to other frequency bands as long as it 

can be obtained the necessary and sufficient statistical information.  

 

According to the results obtained through the performed simulations for different 

evaluation and scenarios metrics, the multivariable adaptive MAPMFF spectral 

handoff model, is a comparatively simple technique, with a relatively low 

processing cost that provides an efficient and effective frequency channel selection  
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process, with low delay, high throughput and with a reduced spectral handoff rate. 

This allows enhancing and strengthening the performance of the spectral handoff 

strategies on the cognitive radio networks, specially the proactive ones.  
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