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Abstract 

In this deliverable, we focus on cognitive radio systems with multiple secondary users. 

We investigate novel strategies that allow the secondary users to be aware and 

cooperate with each other in order to reduce harmful interference to the primary 

system and also enhance the secondary system’s spectral efficiency and 

communication quality. To this end, we introduce two secondary relaying schemes by 
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exploiting the concept of cooperative communications within the secondary system. In 

addition, we propose an adaptive power allocation strategy, which can jointly assign 

transmit powers to multiple secondary users. We also investigate four models that 

permit secondary users to collaboratively perform sensing in multiple spectrum bands. 

Finally, we use two potential solutions to enable secondary user cooperation so that 

the available spectrum opportunity can be shared in more efficient fashions. We 

provide sound theoretic analysis to explicitly exhibit the advantages of allowing 

multiple secondary users to interact with each other. Our results imply that seeking 

secondary-user cooperation can serve as a promising solution to reduce interference 

and improve performance in next-generation cognitive radio systems. In particular, 

the bottleneck posed by the aggregated interference may be mitigated by secondary 

cooperation. The strategies proposed and analyzed in this deliverable would pave the 

way for further research on approaches to realizing more efficient and reliable 

cooperation among secondary users. 

Keywords List 

Secondary user cooperation, secondary relaying, coordinated power allocation, 

cooperative multi-band sensing, cooperative spectrum sharing    
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Executive Summary 

The main target of WP4 is to understand the impact of allowing multiple secondary users 

to share the available spectrum opportunity. In our previous deliverable D4.1 [1], we 

have provided methods and solutions to handle the sharing problems for scenarios with 

unaware secondary users. In other words, each secondary user does not have any 

knowledge regarding other secondary users in the vicinity so that no potential interaction 

among secondary users is feasible. We have observed that the aggregated interference 

from several secondary transmitters is a key problem and a bottleneck for secondary 

communication. Estimating and controlling it by keeping it at an acceptably low level is 

of crucial importance. Introducing cooperation between secondary users (or systems) 

may potentially serve as an effective approach to facilitate this task. Therefore, in this 

deliverable, we aim to take a further step by allowing different secondary users to be 

aware and cooperate with each other. The main focus of this deliverable is to investigate 

novel secondary-user cooperation strategies in order to tackle the bottleneck, i.e. to 

reduce harmful interference to the primary system and enhance the secondary system’s 

spectral efficiency and communication quality. 

In this deliverable, we first consider exploiting the concept of cooperative 

communications in the secondary system such that certain users can serve as relays and 

assist other users’ transmissions. We propose two secondary relaying schemes in 

Chapter 2. In Chapter 3 we introduce a novel adaptive coordinated power allocation 

strategy for the secondary system, aiming at maximizing the sum rate of all secondary 

users while protecting potential primary users in a given area. Chapter 4 focuses on 

cooperative multi-band sensing, i.e. the multi-band sensing decision is made by all 

secondary users that cooperate. We present performance evaluations of four selected 

sensing models. Finally, Chapter 5 is dedicated to two novel cooperative strategies such 

that secondary users can relay for each other or exchange certain information in order to 

share the available spectrum opportunity in more efficient fashions. 

More specifically, by exploiting potential cooperation among secondary by letting some 

nodes serve as relays and assist in other secondary users’ transmission it is shown that 

the interference introduced by the secondary system to the primary system may be 

reduced. Or, equivalently, the performance in terms of throughput of the secondary 

system can be improved without increasing the probability of causing harmful 

interference. The two proposed cooperative secondary relaying schemes confirm the 

positive impact of considering secondary user cooperation on the secondary performance 

in terms of higher throughput or higher diversity. 

By introducing cooperation, via coordination of secondary users, and exploiting 

information on which secondary users are transmitting and at what locations, it is shown 

that a novel optimization approach allows the secondary transmit powers to be higher 

than what is allowed in the current proposed regulation by the ECC. This, while ensuring 

protection of primary receivers. Hence, the secondary throughput may be increased. The 

amount of the increase in performance will depend strongly on the details of the scenario 

and no figures may be stated with enough confidence. 

Even though spectrum sensing is deemed as a non-prioritized solution for secondary 

TVWS applications it may be utilized as a complementary spectrum availability detection 

approach capable of increasing the efficiency of the detection process of the database 

approach. Moreover, sensing methods may still be preferred as detection techniques for 

other situations, e.g., where Programme Making Special Events (PMSE) devices are 

granted a prioritized status but not required to be registered in a database.  The 

spectrum sensing process (facilitated with cooperation and multi-band approach) may 

also complement the database spectrum opportunity detection approach by providing 

more updated information on the spectrum usage in these bands. For these reasons 

various benefits of cooperative multi-band sensing is investigated in this deliverable and 

a key finding is that multi-band sensing does increase the reliability compared to the 
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single-band sensing case. Further, when the number of cooperative nodes is increased in 

a novel control scheme we find that the introduced cooperation leads to an increased 

throughput of the secondary system. When a MAC protocol is used for reporting of 

sensing results, the control signalling can dominate the sensing overhead in some 

scenarios. This emphasizes the importance of using an efficient reporting MAC in 

cooperative sensing. 

The introduced cooperative spectrum sharing algorithms result in increased secondary 

system performance at the cost of increased computational complexity and signalling 

overhead. A first novel sharing scheme achieves a manageable computational complexity 

to allow real time beamforming to clusters of secondary users, limiting the interference 

in other directions. A second proposed sharing scheme has the benefit of allowing a 

larger number of secondary users to be served by access points than what can be 

supported without the novel scheme. Further, only a small increase in secondary 

throughput is observed in this latter scheme for the investigated scenarios but this 

increase is expected to be significant in even denser secondary deployments. 

The QUASAR project initially set out to investigate some general questions regarding 

secondary cooperation; how much of the available opportunistic capacity needs to be 

spent on sensing and control signalling, how much may be gained by introducing 

multiple-access, and how much gain may be realized through the use of advanced 

adaptive strategies. It turns out that the gains that may be achieved differ between the 

proposed solutions and are very scenario dependent. The results given in this deliverable 

may be seen as a first step of address the above general questions. More research is 

needed to put definite numbers on, and with confidence answer the above questions in a 

more general setting. 

However, the presented results explicitly exhibit the advantages of allowing multiple 

secondary users to interact with each other. Thus we conclude that seeking secondary-

user cooperation can serve as a promising solution to reduce interference and improve 

performance in next-generation cognitive radio systems. The strategies proposed and 

analyzed in this deliverable would pave the way for further research on approaches to 

realizing more efficient and reliable cooperation among secondary users. 
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1 Introduction 

As new wireless applications and services emerge rapidly, the demand of higher data 

rates and reliability in wireless communications is endless. Besides densifying the 

networks, another natural approach to achieve such requirements is to use more 

bandwidth. On the one hand, the wireless spectrum is becoming an increasingly more 

precious commodity. On the other hand, a scan of the radio spectrum reveals the 

presence of so-called spectrum holes, where the spectrum is used inefficiently and thus 

valuable bandwidth resources are wasted. The concept of cognitive radio (CR) [2] was 

proposed to allow users to sense and learn the surrounding spectrum environment and 

dynamically adapt transmission strategies to increase spectral efficiency [3]. 

In general, a typical CR scenario consists of two co-exist systems: A primary system, 

which represents a deployed system with license to operate within a certain spectrum 

band, and a secondary system, intending to use the primary system’s band to conduct 

its own operation. Clearly, a crucial requirement behind the CR concept is that the 

harmful interference introduced by the secondary system to the primary system must be 

kept to a certain satisfactory level. In other words, the concept of CR tends to seek 

effective spectrum sharing solutions (or secondary spectrum usage opportunities) such 

that the service requirements of both the primary and the secondary system are met, 

with priority towards the primary system. Underlay, interweave, and overlay are three 

major primary-secondary spectrum sharing strategies [4].   

The main target of WP4 is to understand the impact of allowing multiple secondary users 

(or multiple secondary systems) to access/share the available spectrum opportunity. In 

our previous deliverable D4.1 [1], we have provided methods and solutions to handle 

the sharing problems for scenarios with unaware secondary users. In other words, each 

secondary user does not have any knowledge regarding other secondary users in the 

vicinity so that no potential interaction among secondary users is feasible. In this 

deliverable, we aim to take a further step by allowing different secondary users to be 

aware and cooperate with each other. Such user cooperation may be carried out in 

different levels and forms. For instance, some users may potentially be dedicated to 

assist other users’ transmissions. Different secondary users may decide their resource 

allocation strategy together. They may also jointly perform multi-band sensing to reach 

more accurate opportunity sensing decisions. Certainly, through proper interactions the 

available spectrum opportunity can be shared in more efficient ways. Thus the main 

focus of this deliverable is to investigate novel secondary-user cooperation strategies in 

order to reduce harmful interference to the primary system and enhance spectral 

efficiency and communication quality within the secondary system. 

More specifically, in Chapter 2 we consider exploiting the concept of cooperative 

communications [5] in the secondary system such that certain users can serve as relays 

and assist some target users’ transmissions. We study two secondary relaying schemes. 

We first focus on an underlay primary-secondary spectrum sharing setup, in which the 

secondary network has a tandem structure while the primary system may have different 

receivers that can be interfered by the secondary transmissions. We provide the optimal 

power allocation strategy for the secondary system in order to maximize its throughput, 

without introducing more interference to the primary system. In addition, we also 

propose a secondary relaying scheme for an overlay primary-secondary spectrum 

sharing setup, where multiple secondary relays are used to assist in the communications 

between multiple secondary sources and a common secondary destination. Unlike the 

first scheme, in which the secondary system always operates in the primary system’s 

band, here the secondary access is conducted in an opportunistic manner: The 

secondary relays transmit using the band owned by the primary system only when the 

secondary sources require their assistance. We employ network coding and Automatic 

Repeat Request (ARQ) feedback signals in the secondary system to efficiently obtain 

spatial diversity. Due to the fact that the use of relays effectively reduces the negative 
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impact of fading, in both schemes we observe the performance enhancement brought by 

considering secondary-user cooperation.  

In Chapter 3 we introduce a novel adaptive coordinated power allocation strategy for the 

secondary system. The strategy allocates transmit powers to secondary transmitters, 

that will transmit simultaneously on the same band, while protecting potential primary 

users in a given area. It does so by maximizing the sum rate of the secondary 

communication links. For being applicable the strategy needs the secondary 

transmissions to be orthogonal, and hence it applies in particular to the cellular uplink 

case. The strategy is shown by numerical simulations to produce efficient power 

allocations while at the same time effectively protect primary users. The advantage of 

this strategy is that it dynamically incorporates the additional margin of the interference 

threshold, related to having multiple secondary transmitters. The margin does not need 

to be specified in advance, and hence is not needed to be based on worst case 

assumptions as is otherwise common, cf. the proposed method of SE43 to calculate the 

maximally allowed transmit power [6]. This coordinated cooperative dynamic approach 

to the handling of the multiple secondary transmitters allows larger secondary transmit 

powers and hence better secondary communication performance, compared to methods 

based on worst case assumptions. 

Spectrum sensing, which enables secondary users to sense and inspect vacant spectrum 

opportunities for secondary usage, is certainly one of the key CR functionalities. 

Although latest secondary spectrum access study (including the QUASAR project) shows 

that the database approach is preferable to spectrum sensing in static environments 

(e.g. TVWS), the process of spectrum sensing may prove vital for accurate and up-to-

date databases population especially in more dynamic environments. Since performing 

sensing in multiple spectrum bands can provide significantly higher opportunity detection 

probability than sensing in a single band, multi-band sensing has been considered as an 

easier and safer approach for spectrum opportunity detection. Thus our focus in Chapter 

4 is on cooperative multi-band sensing, i.e. the multi-band sensing decision is made 

from all secondary users that cooperate. We present performance evaluations of four 

selected sensing models in this chapter. Specifically, in a Distributed Multi-band 

Spectrum Sensing (DMSS) model, each secondary user measures only one band but the 

sensing decision is reached from multiple users’ observations. We investigate the 

minimal required number of sensed bands in multiband environment under certain 

constraints for the interference at the primary system and service outage probability. 

The energy efficient multiband spectrum sensing model stems on the DMSS scenario 

and, furthermore, investigates the optimal number of users that should be allocated for 

reliable measurement in each frequency band. This allows maximization of the 

achievable throughput and minimization of the total spent power. Unlike the DMSS 

model, where each user targets a single band, the Cooperative Multi-band Spectrum 

Sensing (CMSS) model requires each secondary user to conduct sensing in multiple 

bands before a joint decision is made by multiple users. In this model we investigate the 

optimal sensing duration and optimal number of collaborating nodes that satisfy the 

required spectrum sensing reliability and maximize the opportunistic throughput in the 

secondary cognitive network for different fusion rules. Finally, we consider a Fast 

Cooperative Spectrum Sensing (FCSS) model to evaluate the multi-band spectrum 

sensing by taking into account the multiple access protocols including TDMA and 

CSMA/CA during data fusion. We examine the most suitable sensor assignment strategy 

per band and optimal number of sensing nodes that maximize the opportunistic 

throughput. 

The final part of this deliverable, Chapter 5, is dedicated to novel strategies that enable 

multiple secondary users to cooperate with each other in order to efficiently share the 

available spectrum opportunity (with database based spectrum opportunity detection) 

and in the same time foster reliable primary users' protection. Network MIMO has been 

seen as a promising method for cooperative spectrum sharing. For instance, the Network 

Coordinated Beamforming (NCBF) technique permits multiple systems to put their 
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antennas together and create a large antenna array. It thus enables multiple systems to 

jointly and efficiently access the same spectrum at the same time. But in general this 

technique requires high processing power. To handle this issue, we propose a Network 

Coordinated Beamforming with user Clustering (NCBC) scheme based on network MIMO 

NCBF technique and a User Clustering (UC) strategy. Our NCBC scheme effectively 

reduces the computational complexity of NCBF so that it would be suitable for real time 

spectrum sharing in secondary systems. In addition, we introduce a spectrum sharing 

scheme among secondary WiFi-like systems who intend to operate in TV white space. 

We consider a unique combination of a game theory based power allocation strategy and 

a simple channel allocation algorithm. The proposed scheme is able to maximize the 

number of supported secondary users. In other words, it realizes efficient available 

spectrum usage among secondary users. 
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2 Secondary Cooperation through Relaying 

2.1 Introduction 

It is well known that wireless communications suffer from the fading phenomenon. Due 

to path loss, shadowing, and multi-path fading between a wireless source-destination 

pair, a large transmit power might be required to guarantee a certain quality of service 

(QoS). Clearly, large transmit power means high energy consumption and high 

interference to other systems operating at the same time in the same frequency band. 

Many investigations have been conducted to tackle this issue. Introducing relays to 

assist in wireless communications has been considered as one of the promising solutions 

[5]. The conventional usage of relays is to place them in advantageous positions to 

reduce the negative impact of large-scale fading. In the last decade much interest has 

been attracted to their ability of handling also small-scale fading: relays can provide 

spatial diversity by delivering information via new fading paths. Certainly the relaying 

functions can be performed by fixed relay stations. However, a more attractive approach 

for future wireless systems can be allowing different users to act as relays for each other 

[5]. For instance, in a cellular network, at one time instant a mobile terminal A  near the 

cell boundary intends to communicate with the serving base station (BS) located at the 

cell centre. A high transmit power is expected to reach high-speed and low-error 

transmission. If another mobile terminal B , which locates in between and is currently 

inactive, can relay A ’s signal to the BS, potentially the expected transmit power of A  

can be significantly reduced. At another time instant when B  starts communicating with 

the BS, another mobile terminal (possible A ) may provide assistance. Therefore, by 

seeking relays we are actually seeking cooperation among different terminals. 

In this section, we borrow the above idea and introduce relays to assist in the 

communication of secondary system in cognitive radio scenarios. In other words, we 

allow cooperation among secondary users and investigate the impact of such an 

assumption on the secondary system’s performance. We first consider an underlay 

primary-secondary spectrum sharing scenario, in which a secondary source intends to 

deliver information to a secondary destination using a primary system’s spectrum band. 

The primary system may potentially have multiple receivers. To guarantee the service 

quality of the primary system the aggregate secondary interference (ASI) at all the 

primary receivers should be limited to below a certain level. We place full-duplex 

decode-and-forward relays between the secondary source-destination pair (so that the 

secondary system has a tandem topology). Clearly, the relays create multiple hops, each 

of which has a shorter propagation length than that of the direct source-destination link. 

However, they also introduce extra interference to both the primary system and 

secondary system itself. We study power allocation strategies for the secondary system 

in order to maximize its throughput, under the constraint of strictly limited interference 

to external users (i.e. primary receivers). We show that the optimal approach is to 

assign power to each secondary node such that each hop has identical capacity and the 

interference power constraint is satisfied with equality. Since in general a closed-form 

solution of the power allocation problem is difficult to attain (but it can be solved 

numerically), we provide high-SNR and low-SNR approximations to the solution. Our 

results exhibit that using relays (or user cooperation) is able to provide throughput 

enhancement of the secondary system, under certain conditions.  

In addition, we propose another secondary cooperation scheme based on the overlay 

primary-secondary spectrum sharing strategy. (In fact this scheme can also be 

applicable to out of band relaying scenarios in which the relays operate in bands other 

than those where the main communication is done.) We consider a point-to-point 

primary system and a multi-user secondary system. In principle the two systems 

operate in different spectrum bands, which are respectively termed primary band and 

secondary band in this deliverable. Due to the fading phenomenon, the performance of 

the secondary system is limited. We can use relays to provide enhanced performance 
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and apply network coding on top of channel coding to efficiently use the channel. 

However, due to the fact that in most practical systems relays cannot receive and 

transmit simultaneously in the same frequency band (i.e. the so-called half-duplex 

limitation), some extra channels in the secondary band have to be reserved for relay 

operation. Such a requirement will lead to a spectral inefficiency when compared with 

direct source-destination communication without relaying, especially in the high signal-

to-noise (SNR) ratio region. To handle this issue, we consider aligning the relays' 

operation with that of the primary system. In order to compensate the interference 

introduced by the secondary relaying, we require the secondary destination to help the 

primary system to boost its signal power. In other words, the secondary relays and the 

primary system share the primary band through overlay sharing strategy. Since the 

direct source-destination channels in the secondary band can be good enough to support 

high-quality communication, the use of the secondary relays may not always be 

necessary. Thus we also consider exploiting Automatic Repeat Request (ARQ) feedback 

signals from the secondary destination to avoid unnecessary secondary relays’ 

activation. The secondary relays are used only if the secondary sources require 

assistance. Therefore, unlike the first scheme in which the secondary system always 

operates together with the primary system, here the secondary access of the primary 

band is conducted in an opportunistic fashion. The energy consumption of the secondary 

system is minimized. In addition, the considered multi-user secondary system may allow 

spectral efficient multiple access. We show that by permitting multiple secondary sources 

to transmit non-orthogonally, the performance can be further enhanced. Our results also 

explicitly display the advantage of considering user cooperation in the secondary system.    

2.2 Power allocation in multi-hop underlay CR networks 

2.2.1 System model 

We consider a K-hop secondary system with a tandem topology as illustrated in Fig. 2-1. 

Nodes 1  and 1K  denote the secondary source and destination, respectively. Nodes 

K,,2  denote intermediate relays. Assume the relay nodes to operate in full-duplex 

mode. Namely, relays can receive and transmit information simultaneously in the same 

frequency band. Transmission from node i  to node 1i  is said to be overheard if the 

signal from node i  reaches node j  ( 1 ij ). In certain scenarios overhearing may be 

helpful leading to increased diversity. However, in this section we assume that node 1i  

knows only its incoming channel from node i . Thus it treats its overheard signals as 

interference. Overhearing interference can come from the nodes downstream referred to 

as forward overhearing interference (FOI). Interference from upstream nodes is called 

backward overhearing interference (BOI). If both FOI and BOI are present we refer to 

this case as general overhearing interference (GOI), as illustrated in Fig. 2-1. In the case 

of BOI, we assume that the channel gains to downstream nodes are smaller (in absolute 

value) than those to upstream nodes. For instance, this can be achieved by using 

directional antenna transmissions with main lobes directed upstream [7]. 
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Fig. 2-1: Multi-hop transmission with overhearing upstream and downstream. 

 

The links of the primary and secondary networks, as well as inter-network links, are 

additive white Gaussian noise (AWGN) channels subject to slow fading such that the 

channel gains are random but constant during a transmission suite from source to 

destination. The transmit power of CRN node i  is denoted as iP  and the noise variance 

is 
2 . The channel gain jig ,  between nodes i  and j  in the CRN absorbs path-loss and 

Rayleigh fading effects. The channel gain jig ,
~  between node i  in the secondary network 

and node j  in the primary network is defined similarly. We also assume that all channel 

gains are known at the secondary source before the transmission starts, which can be 

obtained with an initial training phase. In this way, the secondary source can determine 

the optimal power allocation and forward the allocation information upstream as 

overhead with the message. The remaining nodes can also get information of the 

channel gains of their incoming links during the training phase to implement the 
regenerative relaying. Thus, according to the network model, the capacity of link i  is 
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where fL  and bL  are corresponding maximum numbers of hops that create FOI and 

BOI. Suppose the primary network consists of M  receivers operating simultaneously 

with the secondary network within the same area. In order to limit the ASI to the 

primary network the secondary system has a constraint 


 


K

i

M

j

iji Pg
1 1

,
~  .     (2-2) 

We denote 



M

j

jii g
1

,
~  and rewrite the ASI constraint in the following form 





K

i

iiP
1

 .      (2-3) 

2.2.2 Optimal power allocation 

From [8] we know that the end-to-end throughput of the network with a single source 

and a single sink is determined by the minimum capacity of the channels in the network. 

Since overhearing links cannot be helpful for information transmission, then in the case 

of the tandem topology the capacity is determined by the weakest link, i.e., 
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 KCCC ,,min 1  . Therefore, the end-to-end throughput maximization problem for a 

given channel realization becomes 

 

.,0
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,,minmax
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Unfortunately, since a function of type 











cxb

a
xf 1log)( 2  with a , b , and c  

constants is not concave, the problem above is not a convex optimization problem. 

However, for this problem we have the following result. 

Theorem 2-1. For a multi-hop tandem secondary network with a constraint on the ASI 

the end-to-end throughput is maximized if and only if the capacities of all channels of 

the network are equal, i.e., 

KCC 1 ,      (2-5) 

and the ASI constraint is met with equality, i.e., 





K

i

iiP
1

 .      (2-6) 

Proof: See appendix A.1.                                                                                       

Theorem 1 suggests that any violation of either (2-5) or (2-6) will immediately lead to 

sub-optimal solution. Therefore, in order to find the power allocation that achieves the 

maximum throughput we have to solve a system of 1K  non-linear equations (2-5) 

subject to the ASI constraint (2-6). For a large number of hops in the network it is 

difficult to find a closed-form solution; however, the problem can be solved numerically. 

Furthermore, in order to simplify the solution we can use a high-SNR approximation 

based on the fact that at high SNR network performance is GOI-limited and the influence 

of noise vanishes. Thus, if   2

,,min ijiji Pg  the latter can be neglected and the 

capacities become 
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According to Theorem 2-1, from (2-7) we get 1K  equalities with K  unknowns, while 

one more equation is formed by the ASI constraint (2-6). Therefore, we can compute the 

optimal 


iP . In general, this system is easier to solve than (2-1). 

Similarly, at low SNR we can use the fact that the network performance is noise-limited 

and hence, we can neglect the GOI. The capacities become 
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From (2-8) we get a system of 1K  equalities, subject to the ASI constraint (2-6) and 

thus, we can compute 


iP . 
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2.2.3 Examples 

For illustration, we now give a few examples as follows. 

  

 

Fig. 2-2: 3-hop transmission with overhearing upstream and downstream. 

 

2.2.3.1 3-Hop Network with General Overhearing 

Consider a 3-hop network with possible one hop GOI which contains both FOI and BOI 

components of the interference as shown in Fig. 2-2. We assume that two-hop FOI is 

weak and can be disregarded, i.e., 1fL  and 1bL . For this setting the link capacities 

are given by 
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From Theorem 2-1 we know that in order to obtain optimal 


1P , 


2P  and 


3P we have to 

solve the system of equations above, together with (2-6). Unfortunately, (2-9) has no 

direct closed-form solution; however, this can be done numerically. Moreover, to simplify 

the solution we may use two following approximations. 

2.2.3.2 High-SNR Regime 

When the transmit power is large, the network performance becomes interference-

limited and therefore, if   2

,,min ijiji Pg  the latter is negligible and the channel 

capacities become 
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Solving the system of equations (2-11) provides the optimal power allocation at high 

SNR 
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2.2.3.3 Low-SNR Regime 

When SNR is low, the network performance is noise-limited and hence, we can neglect 

the interference from overhearing. The capacity expressions are simplified to 
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Equating capacities in (2-13) we obtain a system of equations 
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Solving (2-14) we get the optimal transmit powers at low SNR 
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2.2.4 Numerical results 

In this section we present numerical results for the 3-hop network with GOI illustrated in 

Fig. 2-2. The received power is subject to path-loss with path-loss exponent 4 , and 

channel gains are modelled as i.i.d. complex Gaussian entries, CN (0,1). The distance 

between the transmitter and the receiver is normalized to one. The primary network is 

assumed to have similar line topology with 4M  receivers. The distance between the 

primary network and the secondary network is similarly set to one. The noise variance is 

chosen to be 12   mW. Backward channel gain is modelled as 2332 Ggg  , where 

antenna directivity attenuation G  is set to 2.0 . 

 

 

Fig. 2-3: End-to-end throughput for different power strategies 

 

We note that the tolerable ASI threshold   is linearly related to the transmission power 

in (2-6). Since we consider the interference-limited networks, we use   as x-label for 

plots. For instance, Fig. 2-3 shows the performance of the optimal power allocation 

found by solving (2-9) as well as high- and low-SNR approximation solutions (2-12) and 

(2-15), respectively in comparison with equal power allocation. The approximations are 
much easier to solve. Low-SNR approximation is suitable for   values less than 10 mW, 

while the High-SNR approximation tends to the optimal solution for large   values. 
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Fig. 2-4: End-to-end throughput for different number of hops 

 

We note that the low-SNR and equal power solutions are suboptimal in the high-SNR 

region due to neglecting GOI which becomes significant as the SNR increases. Fig. 2-4 

illustrates the system performance for different number of hops when the distance 

between the source and the destination is fixed to 3d , similarly to the previous case. 

We can observe that for small   values 3-hop transmission performs better than the 

other strategies. This is because it splits the link into three regenerative channels with 

smaller pathloss components due to shorter distances between the transmitter and the 

receiver at each hop. However, having more hops, the system has more interfering 

nodes and therefore, it drops faster to the interference-limited mode. This explains the 
behaviour of curves for large   values. Direct transmission from the source to the 

destination in this case is not affected by any interference and thus, outperforms 

transmission strategies with multiple hops. Thus, using multi-hop transmission leads to 

interference-limited performance at high SNR. On the other hand, multi-hop 

transmission allows reducing the power of each node, thereby reducing the interference 

to the primary system, which allows delivery of a message over longer distances when 

the tolerable interference threshold of the primary system is low. 

2.3 Coded secondary relaying in overlay CR networks 

2.3.1 System model 

In this subsection, we consider a wireless cognitive radio network consisting of a primary 

system (e.g. a TV broadcasting system) with a single source-destination pair (denoted 

as pS  and pD ), and a secondary system (e.g. a cellular system) with two sources 1S  

and 2S , two half-duplex DF relays 1R  and 2R , and a common destination sD , displayed 

in Fig. 2-5 Two orthogonal spectrum bands (or different time intervals) are reserved for 

these two systems' operations respectively. The primary source continuously sends 

information to its destination in the primary band. There exists a certain cooperation 

(cognition) between the two systems such that sD  knows the transmit signals from pS  

in advance. This can be realized by, for instance, connecting the secondary destination 

(e.g. the base station of a cellular system) with the primary source (e.g. the TV station 

of a TV broadcasting system) using a high-speed wire line [4]. Thus sD  is able to 
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transmit the primary signals together with pS  to boost the receive signal power at pD . 

We assume that sD  can shield its reception from its own transmission. If any secondary 

terminal sends information to sD  in the primary band, sD  can also receive this 

information without being interfered by the transmission of pS  or itself. In the secondary 

band, the secondary sources intend to deliver independent messages 1I  and 2I  

respectively to the secondary destination. In this section we mainly focus on the 

performance of the secondary system. If sD  is able to successfully recover both 1I  and 

2I , we say the communication is successful. Otherwise, error event occurs and the 

communication fails. 

 

 

Fig. 2-5: System model. Purple lines denote the transmissions of primary signals. Red 

lines denote the transmissions of secondary signals. Solid and dash lines denote 

operations in primary and secondary bands, respectively. 

 

We assume narrow-band transmissions in a slow, flat Rayleigh fading environment. 

Denote the channel fading coefficient between nodes a  and b  in the primary band as 

bag , ~ CN ),0( ,: bap , and denote that in the secondary band as bah , ~ CN ),0( ,: bas , in 

which 
p

babap x





 ,,: , s

babas x
 

 ,,: , bax ,  denotes the distance between a  and b , and p  ( s ) 

is the path loss exponent in the primary band (secondary band). For presentation 

simplicity, we assume 0,:  
si DSs , 1,:  

ji RSs , 2,:  
sj DRp  (i.e. 

ss DSDS xx ,, 21
 , 

jj RSRS xx ,, 21
 , 

ss DRDR xx ,, 21
 , }2,1{,  ji . Extending the results to more general cases is 

straightforward. 

We consider a symmetric secondary network. Each of the secondary sources transmits 

with an expected average rate R  bits per channel use (BPCU). Thus if one scheme 

requires B  frequency/time slots (unit channels) within the secondary band to deliver 1I  

and 2I  to sD , each message should contain RBR ˆ  bits information in order to meet 

the expected rate. In addition, we normalize the average noise power at each receiver to 

be one. The primary source transmits with power p , each secondary source transmits 

with power s , each secondary relay transmits with power sr    ( 0 ), and 
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potentially the secondary destination transmits the primary signals with power 
1d and 

2d  to compensate the interference introduced by the two secondary relays respectively. 

2.3.2 Transmission process 

To permit each secondary relay to jointly transmit multiple source messages and to 

obtain good diversity performance, we apply the class of maximum distance separable 

finite field network codes (MDS-FFNCs) [9], [10] on top of channel coding in the 

secondary relays. Specifically, the network coding functions employed at 1R  and 2R  tend 

to add 1I  and 2I  in GF(4) to generate new transmit messages (i.e. network codewords) 

21 II   and 21 2II  , respectively. Thus the knowledge of any two messages within the 

set }2,,,{ 212121 IIIIII   can guarantee recovering both 1I  and 2I . 

We use )(IfX aa   ( },,,{ 2121 RRSSa ) to denote the signal (channel codeword) 

transmitted from node a , where )(Ifa  denotes node a 's channel encoding function of 

message I . To conduct the communication of the secondary system, the secondary 

sources first broadcast their signals )( 111
IfX SS   and )( 222

IfX SS   (orthogonally or 

non-orthogonally) within the secondary band. If sD  correctly decodes both 
1SX  and 

2SX (through Cyclic Redundancy Check, CRC, checking), it sends back a 1-bit positive 

acknowledgement (ACK) signal to the relays to notify successful communication and thus 

the relays remain silent. Otherwise, if sD  cannot decode either 
1SX  or 

2SX , sD  feeds 

back a 1-bit negative acknowledgement (NACK) signal. Upon receiving this NACK signal 

1R  is activated to forward its received messages using the primary band. If 1R  decodes 

both 
1SX  and 

2SX , it sends )( 2111
IIfX RR  . If 1R  decodes only one codeword 

jSX  

( }2,1{j ), it transmits )(
11 jRR IfX   to sD . Otherwise, 1R remains silent if it recovers 

neither 1I  nor 2I . 

To compensate the interference generated from 1R , sD  also transmits the primary 

signals to pD , using power 
1d . The average SINR at pD  is calculated by 
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 [4]. In order to guarantee the communication quality of the 

primary system, sD  should properly chose its transmit power 
1d  to satisfy the following 

condition 
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in which }Pr{A  denotes the probability that event A  occurs, thSINR  denotes a pre-

agreed SINR threshold, and thp  is an acceptable probability that the average SINR at the 

primary destination should be larger than thSINR . 

With the received signals from 1S , 2S , and 1R , if sD  recovers both 1I  and 2I , it sends 

an ACK signal to keep 2R  silent. Otherwise, it sends a NACK signal to activate 2R . 
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Similarly, if 2R  recovers both 1I  and 2I  from the sources, it transmits 

)2( 2122
IIfX RR   in the primary band. If it knows only 

jSX  ( }2,1{j ), 2R  transmits 

)(
22 jRR IfX  . Otherwise, it remains silent. To protect the primary system, the power 

2d  from sD  should be chosen to satisfy 
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If sD  still cannot recover 1I  and 2I  after the transmission of 2R , error event occurs and 

the secondary communication fails. 

In this subsection, we assume that sD  can always choose sufficiently large power to 

retransmit the primary signals so that the conditions (2-16) and (2-17) can always be 

satisfied. (In general if the knowledge of the channels between the secondary system 

and the primary system is perfectly known at sD , its required power can be directly 

computed. If this knowledge is not available, some worst case scenarios should be 

considered. For instance, the secondary system may choose a critical user to be the 

target primary destination [4]. The secondary system has to increase its power 

consumption to relay the primary signals or to reduce its service requirement to protect 

the primary system.) Our focus is mainly on the impact of operating the secondary 

relays in the primary band and exploiting ARQ signals from sD  on the error performance 

of the secondary system. 

2.3.3 Secondary system performance analysis 

We consider two different multiple access strategies among the two secondary sources. 

We start our performance analysis from the simple orthogonal transmission. 

2.3.3.1 Orthogonal secondary source transmission 

The two sources access the secondary band orthogonally. 2B  frequency/time slots in 

the secondary band are required to finish the transmission so that each message 

contains RR 2ˆ   bits information. Following the description provided in the above 

section, it can be seen that the communication fails only if sD  cannot recover the source 

messages after both relays' transmissions. In other words, if sD  can use its received 

signals from all the four transmitting terminals 1S , 2S , 1R , and 2R  to recover 1I  and 2I , 

the secondary communication would be successful. We use },{ 21 IIj   ( }2,1{j ) to 

denote the set of source messages that can be recovered by jR . Clearly, the overall 

error probability at sD  can be calculated by  

2121
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,
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e

II

e PPPP                                     (2-18) 

where 
j

P  denotes the probability that a specific set j  occurs, and 
21 ,e

P  is the error 

probability at sD  given 1  and 2 . 

We assume the channel codes employed on the physical layer to be sufficiently strong 

such that erroneous decoding happens only if outage event occurs. Consequently, at 

each receiver error probability is dominated by outage probability. In addition, for 
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computation simplicity, we do not apply maximum ratio combining (MRC) at sD  even 

though the relays can potentially use the same channel code as a source to encode the 

same message, e.g. )()( 11 11
IfIf SR  . Clearly, if MRC is applicable at sD , the error 

performance can be further enhanced.  

In the secondary band the probability that jR  can correctly decode 
iSX  is calculated as 

1ˆ1logPr
2

,
























  eRh
ji RS  in which s   denotes the average transmit SNR, and 




122 


R

. Similarly, the probability that sD  correctly decodes 
iSX  can be calculated as 

0ˆ1logPr
2

,















 





  eRh

si DS . In the primary band, sD  can correctly decode 
jRX  with 

probability 2ˆ1logPr
2

,
























  eRh
sj DR .  

As a result, we can have 

jj

j
eeP







 





























2

11 1








                                    (2-19) 

where j  denotes the cardinality of set j .  

Different decoding patterns at the relays would lead to different approaches to calculate 

21 ,e
P . Now we individually consider the following seven cases to derive 

21 ,e
P . 

Case 1): 1  & 2 . No relay transmits anything. The communication is successful 

only when sD  decodes both 
1SX  and 

2SX . Thus 

0

21

2

,
1







 eP

e
                                            (2-20) 

Case 2): }{ 11 I  & 2 . In this case )( 111
IfX RR  , and 2R  does not transmit even if 

it receives a NACK signal from sD . The communication is successful if sD  decodes the 

set of signals },{
21 SS XX , or },{

12 RS XX . We have 








































20200

21

22

,
1





















eeeP
e

.                        (2-21) 

The situations }{ 21 I  & 2 , 1  & }{ 12 I , and 1  & }{ 22 I  lead to 

the same 
21 ,e

P . 

Case 3): },{ 211 II  & 2 . Here )( 2111
IIfX RR   and 2R  does not transmit 

anything. The communication is successful if sD  decodes any of the following sets 

},{
21 SS XX , },{

11 RS XX , and },{
12 RS XX . As a result, 
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 eeeP

e
                             (2-22) 

The error probability is the same if 1  & },{ 212 II . 

Case 4): }{ 11 I  & }{ 12 I . In this case )( 111
IfX RR   and )( 122

IfX RR  . The 

communication is successful if sD  decodes 
2SX , and also decodes at least one signal 

within the set },,{
211 RRS XXX . Then 









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
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                            (2-23) 

The situation }{ 21 I  & }{ 22 I  has the same 
21 ,e

P . 

Case 5): }{ 11 I  & }{ 22 I . Now )( 111
IfX RR   and )( 222

IfX RR  . The 

communication is successful if sD  decodes at least one signal within },{
11 RS XX , and it 

also decodes at least one signal within },{
22 RS XX . We have 

2

,
2020

21
1







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eeeP
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.                                (2-24) 

The same 
21 ,e

P  holds when }{ 21 I  & }{ 12 I . 

Case 6): },{ 211 II  & }{ 22 I . Then )( 2111
IIfX RR   and )( 222

IfX RR  . The 

communication is successful if i) sD  decodes at least one signal within },{
22 RS XX , and 

also at least one signal within },{
11 RS XX , or ii) sD  cannot decode either 

2SX or 
2RX , but 

it decodes both 
1SX and 

1RX . 
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eeeeeeP
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.        (2-25) 

The situations },{ 211 II  & }{ 12 I ,  }{ 11 I  & },{ 212 II , and }{ 21 I  & 

},{ 212 II  have the same expression of 
21 ,e

P . 

Case 7): },{ 211 II  & },{ 212 II . In this final case both relays can recover both 

source messages so that )( 2111
IIfX RR   and )2( 2122

IIfX RR  . As we mentioned 

earlier, sD  can recover both 1I  and 2I  if the signals transmitted from any two of the 

four transmitting terminals can be decoded. In other words, the communication fails if at 

most one signal within },,,{
2121 RRSS XXXX  can be decoded at sD . Consequently 
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.            (2-26) 
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The overall error probability eP  thus can be calculated by substituting equations (2-19)-

(2-26) into (2-18). 

To more clearly see the spectral efficiency of the considered scheme, in the high SNR 

region we permit R  to scale with SNR and use the diversity-multiplexing tradeoff (DMT) 

[11] to characterize the negative slope of the log-log plot of eP  versus SNR. Specifically, 

define diversity gain d  and multiplexing gain r  as [11] 





 log

)(log
lim eP

d


  and 




 log

)(
lim

R
r


 .                          (2-27) 

The curve )(rd , the tradeoff between d  and r , is termed DMT. 

We use   to denote the exponential equality operator [11]: 
bW   is equivalent to 

 log

log
lim

W
b


 . Setting logrR  , we can have 

)21(
2 12 r

R



 


   and 

)21(1 rc

c
e 


 




 , in which c  can be any finite constant, and the approximation holds 

in the high-SNR region. Therefore, it is not difficult to show that for high SNR, the overall 

error probability derived from (2-18) can be expressed as 
)21(3 r

eP   . The achievable 

DMT thus is 

)21(3)( rrd  .                                               (2-28) 

The maximal diversity gain is 3 and the maximal multiplexing gain is 
2

1
. Compared to 

direct source-destination transmission without relaying, the error probability is 

substantially improved without spectral efficiency loss (see Fig. 2-6 and Fig: 2-7). 

Now we analyze the probability that the relays should be activated, i.e., the probability 

that sD  has to spend power to compensate the interference introduced by the relays. To 

minimize the system complexity, we assume that sD  does not know the decoding 

pattern at the relays after the sources' transmission. Then as long as sD  sends back a 

NACK signal to request the assistance from a relay, sD  starts transmitting the primary 

signals even through the relay may not interfere pD  when it is unable to recover any 

source message. 

Use 
jdP  to denote the probability that sD  has to compensate the interference introduced 

by jR . After the sources broadcast their signals, sD  sends back a NACK signal to 

activate 1R  if it cannot decode the signals directly from at least one source. Therefore, 

we have 

0

1

2

1





 ePd .                                           (2-29) 

In addition, if after the transmission of 1R , sD  still cannot recover 1I  and 2I , 2R  should 

be activated and sD  starts to consume power to compensate interference. Different 

decoding patterns at 1R  would lead to different decoding processes at sD . Use 
1e

P  to 

denote the error probability at sD  after 1R 's transmission, given 1 . We have 
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11

212

2

},{






e

II

d PPP .                                   (2-30) 

It is not difficult to see that 
,11 


ee

PP . Substituting (2-19)-(2-22) in (2-30) leads to 

2dP  (the performance will be shown in Fig. 2-8). 

2.3.3.2 Non-orthogonal secondary source transmission 

To further improve the performance, in this subsection we permit the secondary sources 

to transmit non-orthogonally within the secondary band. Since 1B  slot in the 

secondary band suffices to finish the transmission, each message contains RR ˆ  bits 

information. For fair comparison with the previous orthogonal scheme, each source 

transmits with 
2


 s  so that the average sum transmit power remains the same. Both 

relays and sD  perform successive interference cancellation (SIC) to decode the signals 

from the sources. If sD  directly decodes 
1SX  and 

2SX , no relay is activated. Otherwise, 

1R  is activated to forward its received messages. 2R  is used only if the communication is 

not successful after 1R 's transmission.  

Consider a 12  symmetric multiple-access (MAC) channel, in which each transmitter 

transmits with power 
2


 and rate R̂ . The probability that the receiver decodes the 

signal from only the first transmitter, through SIC, is [12] 



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R

,                                     (2-31) 

where   is the variance of the channel gains. By symmetry, the probability that the 

receiver decodes only the second transmitter's signal can also be expressed by ,1p . The 

probability that the receiver decodes neither transmitter's signal is [12] 

 
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

R

RR

RR

eep .                         (2-32) 

Thus  ,2,12 pp   denotes the probability that the receiver cannot decode at least one 

transmitter's signal.  

For the considered scheme, the overall error probability at sD  can also be calculated by 

equation (2-18). According to (2-31) and (2-32), we can calculate 
j

P  as follows, 

1,2  pP  ,                                            (2-33) 

121 ,1}{}{ pPP II  ,                                       (2-34) 

1121 ,2,1},{ 21  ppP II  .                                  (2-35) 
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Let 



1212

ˆ






RR

, and }2,1{,, 21 jii , 21 ii  . Following the discussions we provided 

in the above subsection, regarding the different decoding patterns at the relays we also 

consider the seven cases to derive 
21 ,e

P . 

Case 1): 1  & 2 .  

0021
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2  ppP
e
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

.                                   (2-36)                                             

Case 2): }{
1 ji I  & 

2i
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Case 3): },{ 211
IIi   & 
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Case 4): }{
1 ji I  & }{

2 ji I . 
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Case 5): }{ 11
Ii   & }{ 22

Ii   
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Case 6): },{ 211
IIi   & }{

2 ji I . 
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Case 7): },{ 211 II  & },{ 212 II . 
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.             (2-42) 

The overall error probability thus can be calculated by substituting (2-33)-(2-42) into (2-

18). Setting logrR  , we can approximate ,1P  as 
)1(

,1

rP     and approximate ,2P  

as 
)21(2

,2

rP    . It can be shown that the overall error probability at sD  can be 

expressed as 
)})21(2,1min{)21(2( rrr

eP   . Thus the DMT is 

)}21(2,1min{)21(2)( rrrrd  .                      (2-43) 

Permitting the sources to transmit non-orthogonally obtains a better DMT than requiring 

them to transmit orthogonally.  
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Now we derive the probability that sD  should spend power to compensate interference 

from the relays. It is easy to see 

001 ,2,12  ppPd  .                                            (2-44) 

Furthermore, since 
,11 


ee

PP , substituting (2-33)-(2-38) into (2-30) leads to 
2dP . 

2.3.4 Numerical results 

In this section, we show the performance of the proposed secondary relaying strategy. 

We normalize the distance between iS  ( }2,1{i ) and sD  to one (i.e. 1, 
si DSx ) and we 

assume the relays locate in the middle between the secondary sources and sD  (i.e. 

5.0,, 
sjji DRRS xx ). The path loss exponents are set to 4 sp  . In addition, we set 

p

sj

s

si DRDS xx



 ,, /  so that the average received powers at sD  from each source and each 

relay are the same. In other words, we require each relay to transmit with power 

16/sr   .  

We consider three benchmark protocols.  

1) Direct transmission: The sources orthogonally communicate with sD  without the 

assistance of relays. 2B  and the error probability at sD  is 
0

2 /)12(2
1




R

ePe . The 

achievable DMT is rrd 21)(  .  

2) Conventional Relaying: The two relays are used to assist the sources in the secondary 

band. 4B  slots in the secondary band are required to finish transmission. The error 

probability can be analyzed following the analysis provided in Section 2.3.3.1, but with 

RR 4ˆ  . The achievable DMT is )41(3)( rrd  . 

3) Secondary Relaying without ARQ: The relays operate in the primary band. But no ARQ 

feedback signal from sD  is exploited. The error performance is the same as that for the 

proposed secondary relaying with orthogonal source transmission. sD  always transmits 

primary signals to compensate interference, i.e. 1
22
 dd PP . The energy consumption of 

the secondary system is high, especially for high SNR. 
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Fig. 2-6: Error performance comparison. Dashed lines represent the performance when 

the average rate is fixed at 1/2 BPCU. Solid lines represent the performance when the 

multiplexing gain is chosen as 1/4. 

 

We plot the error performance comparison in Fig. 2-6. When the average transmission 

rate is fixed (i.e. 0r ), the conventional relaying protocol can provide sufficiently better 

error performance than direct transmission. However, due to its low spectral efficiency, if 

we chose 4/1r , the diversity gain is 0 so that the error probability does not change 

with changing SNR. The performance is even worse than direct transmission. The 

proposed secondary relaying strategy can attain better performance than these two 

protocols in both cases. High communication reliability is obtained without spectral 

efficiency loss. And clearly, permitting the secondary sources to transmit non-

orthogonally outperforms requiring them to transmit orthogonally, especially when 

0r . 

 

Fig: 2-7. DMT comparison. 
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The advantages of the proposed secondary relaying strategy in terms of DMT or high-

SNR error performance can be seen from Fig: 2-7. Interestingly, when 
2

1

3

1
 r , 

allowing the secondary sources to transmit non-orthogonally achieves the DMT derived 

through cut-set bound analysis [13]. This means that the protocol is optimal in terms of 

DMT when 
2

1

3

1
 r . 

 

 

Fig. 2-8: The probability that secondary destination spends power to compensate 

interference. Dashed lines represent the performance when average rate is fixed at 1/2 

BPCU. Solid lines represent the performance when when the multiplexing gain is chosen 

as 1/4. 

 

We also plot the probability that sD  should transmit the primary signals to compensate 

interference in Fig. 2-8. Clearly, exploiting ARQ feedback signals from sD  can 

significantly reduce unnecessary energy consumption of the secondary system. Again, 

permitting the secondary sources to non-orthogonally broadcast their messages 

performs better. 

2.4 Summary 

In this chapter we consider exploiting potential cooperation among secondary users such 

that some nodes can serve as relays and assist in some other secondary users’ 

transmissions. Since the use of relays is an effective solution to tackle the negative 

impact of fading in wireless communication systems, the considered secondary user 

cooperation strategy can potentially decrease the secondary system’s transmit power. 

Thus the interference introduced by the secondary system to the primary system can be 

reduced. Or equivalently, the performance of the secondary system can be improved 

without increasing interference. We have studied two secondary relaying schemes in this 

chapter. The first one follows the underlay primary-secondary spectrum sharing setup. 

The secondary users access the primary band without interacting with the primary 

system. The second one takes a step further. The secondary system also cooperates 

with the primary system by relaying the primary signals, i.e. an overlay primary-

secondary spectrum sharing setup. Our results in both schemes have confirmed the 

positive impact of considering secondary user cooperation on the secondary system’s 
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performance (in terms of higher throughput or higher diversity). The performance gains 

presented in this chapter are obtained based on the assumption that the path gains from 

secondary transmitters to primary receivers are known to the secondary system. In 

practice, if such channel knowledge is not perfectly available (e.g. only the statistics or 

imperfectly estimated versions of the channel gains are available), the secondary system 

may need to consider a more strict constraint on its transmit power. In other words, the 

secondary system needs to pose a reduced performance requirement to protect the 

primary system.            
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3 Transmit Power Adaptation Strategy for TVWS 

An adaptation strategy is a strategy in which the secondary users adapt in various ways 

to the environment to reach a desired outcome. Here we consider the case where 

secondary users cooperate to appropriately adapt their transmissions or secondary 

opportunity usage to reach a better result, individually or as a collective, than would 

have been possible without the cooperation.   

In this section a specific adaptation strategy is presented. The strategy is aiming to 

enhance the total capacity of the collective of secondary users using TV white spaces for 

communication. This is achieved by coordination of the secondary transmit powers in 

such a way that the total aggregated interference towards primary receivers is kept 

under control. 

3.1 Introduction 

In recent years, the FCC in the US has opened up the opportunity for secondary usage of 

the TV broadcast band in the US, under a set of conditions. Further Ofcom in UK is well 

on its way to finalizing a rule set that allows secondary usage of the TV broadcast bands 

in the UK. In Europe the regulatory standardization group CEPT SE43 finalized a report 

outlining the requirements for operating as a secondary user in the TV white spaces. 

Thus, the process of opening up TV white spaces for secondary usage around the globe 

is well under way. 

One commonality to the rules in place in the US and the proposed rules in Europe and 

UK is that a way to getting access to the TV white spaces, i.e., perform secondary 

transmissions in the TV bands, is to access a geo-location database. The geo-location 

database provides a secondary user, sometimes also referred to as a white space device 

(WSD), with a list of TV channels (and in the CEPT SE43 proposal [6], an associated 

maximal output power) that is allowed to be used by the secondary user at its location. 

A more elaborate approach to geo-location database functionality has been proposed by 

CEPT SE43 [6]. This is referred to as the master-slave approach, in which a master (BS) 

can make database requests for its associated slaves (UEs). This enables easier 

operation of a standard cellular system in the TV white spaces since the UEs need not 

send requests to the database. In CEPT SE43 terminology a base station (BS) is a 

master WSD and user equipment (UE) is a slave WSD. The master WSD is responsible 

for allocating TV channels and associated output powers to the slave WSDs. 

 

 

Fig. 3-1: An example visualization of a set of critical positions located along the TV 

coverage for a secondary service area 

Visualization of the critical positions

 

 

Primary protection zone

Secondary service area

Critical positions
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The approach outlines a procedure where a master WSD queries a geo-location database 

for channels, critical positions, and interference thresholds, i.e., the maximally allowed 

aggregated interference, generated from the master and slave WSDs at the respective 

critical position. An example set of critical positions is illustrated in Fig. 3-1. A critical 

position is defined as a point on the primary service coverage area which is closest to 

some point of the secondary service area. Based on this information the master WSD 

derives a set of constraints for each allowed channel that are to be respected by the 

uplink (UL) power allocation procedure in the secondary system. These constraints 

dictate that the total aggregated interference generated at a critical position must be 

kept below the specified maximally allowed aggregated interference. 

One way of taking into account the probability distribution of the total aggregated 

interference at a critical point is by setting the maximally allowed aggregated 

interference at a much lower value, i.e., to introduce an additional fixed margin. This 

fixed margin is introduced at the geo-location database which does not have information 

on the number and locations of the slaves WSDs intending to transmit on the channel 

under consideration. Hence the margin must be decided using worst case assumptions 

leading to very conservative decisions, i.e., large values. A large margin implies that the 

secondary system is overly constrained in its UL power allocation.  

The point being that it is suboptimal to set the margin at the geo-location database if the 

distribution of the total aggregated interference at critical positions is to be accounted 

for. 

The cooperation between secondary systems is handled by the geo-location database. 

Since the SUs are required to inform the database regarding their output powers, the 

SUs are explicitly cooperative with other SUs via the geo-location database manager. 

3.2 A power adaptation strategy 

The power adaptation strategy introduces a method to find the optimal power allocation 

for multiple simultaneous uplink (UL) transmissions for a cellular system operating in TV 

white spaces, i.e., the UL power allocation respect the constraints imposed by primary 

user protection. 

It introduces an iterative method to dynamically adjust a margin to the interference 

threshold, specified by the geo-location database, so that the probability of causing an 

aggregated interference towards any of the critical locations is kept below a specified 

threshold. The aggregated interference probability distribution can typically not be 

obtained analytically, hence the proposed iterative approach. 

The operation of the master WSD contains the following steps: 

1. The master WSD queries the database for information on the available 

channels, the corresponding critical positions and corresponding interference 

thresholds. 

2. The master WSD estimates, e.g., via use of pilots in nearby previously set 

up white space channels and extrapolation or via calculation using 

appropriate channel models, the channel gains between the master WSD 

and all slave WSDs. 

3. The master WSD calculates or estimates, by use of appropriate channel 

models, all channel gains between all combinations of slave WSDs and 

critical positions. 

4. The master WSD sets an initial margin for the aggregated interference, i.e., 

the aggregated interference must be below what the primary receiver can 

tolerate plus the initial margin. 
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5. The master WSD maximizes the sum rate or some other suitable criterion of 

the UL transmissions by solving a standard convex optimization problem 

with constraints on the maximally allowed aggregated interference with the 

margin added, using known methods. 

6. The master WSD evaluates whether the UL (i.e., slave WSD) power 

allocation generates a probability distribution of the aggregated interference 

that yields a sufficiently low, but not too low, probability of exceeding the 

interference threshold at all critical positions. This can be done by Monte 

Carlo evaluation; use the desired powers, take the uncertainties into account 

and see what the probability of exceeding the threshold is. 

 If the probability of causing excessive interference is too high the 

margin is increased and if the probability is too low (meaning that 

higher power levels can be used) the margin is decreased. Then the 

process continues at step 5. 

 If the probability is in a predefined range the iterative procedure 

stops (go to step 7). The obtained power allocation is the optimal 

allocation that protects the primary receivers at the specified level. 

7. The master WSD informs the slave WSDs of the UL transmit powers. 

8. The WSDs use the specified transmit powers when transmitting in UL. 

Steps 1 and 2 could be performed simultaneously or in the opposite order. 

3.3 Scenario 

The present study considers a master WSD providing radio access to a set of served 

slave WSDs. The master WSD may be a cellular base station with three sectors as 

illustrated in Fig. 3-2, and the slave WSDs may be served UEs. Also, the master WSD 

may be a WLAN access point and the slaves may be served WLAN clients. In Fig. 3-2 a 

single critical position is also indicated at a distance d away from the base station. 

 

Critical position

x
d

 

Fig. 3-2: Illustration of a cellular system and a critical position x a distance d away from 

the base station (master WSD) serving 3 sectors 

 

A critical position is a position within a TV broadcast coverage area where the 

aggregated interference generated by the transmissions from the secondary system 

(master WSD and slave WSDs) is expected to be the largest. The critical positions may 

be the set of positions in the TV broadcast coverage area that are closest to the master 

WSD service area, as illustrated in Fig. 3-1. In the query to the geo-location database, 

the master WSD specifies its service area and in the reply the geo-location database 

specifies, for each allowed channel the corresponding set of critical positions. Optionally, 

the positions of the transmitters for which a power allocation is desired can be 

submitted, potentially with an associated uncertainty, or a “worst case position” (with a 

certain confidence). Along with each critical position an interference threshold is 

specified in the reply. The probability that the total aggregated interference caused by 
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secondary systems exceeds this interference threshold must be limited by a threshold 

which may be pre-defined or optionally given in the geo-location database reply. 

The present solution addresses optimization of power allocation to slave WSDs. As an 

example, this power allocation may be for the UL in a cellular system, or for any type of 

WS transmissions. 

Fig. 3-3 illustrates schematically the useful secondary communication links (arrows in 

black) and the generated interference towards a primary receiver at a critical location x 

(red arrows). This figure illustrates the UL in a cellular system. 

 

xx

…

 

Fig. 3-3: Schematic illustration of the UL transmission scenario. 

 

3.4 Optimization problem 

The optimization problem illustrated here is the sum rate maximization of UL. Other 

optimization criteria can be considered also. In efficient communication schemes UL 

transmission schemes may be considered as orthogonal, i.e., the interference between 

the different UL transmissions may be neglected or assumed to be constant. This implies 

that the optimization problem we want to solve, i.e., rate maximization, may be stated 

as: 
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where N is the number of slave WSDs, np  is the transmit power of slave WSD n , nxi
G  is 

the channel gain between the slave WSD n  and the primary receiver at the critical 

position ix , and nnG  is the channel gain between the WSD n  and the master WSD. thI  

is the interference threshold, obtained from the geo-location database, below which the 

aggregated interference caused by the secondary transmissions towards the primary 

receiver must be kept with a probability of )1(  . Further, nW  is the noise and I is 

interference (due to the TV broadcast transmissions, etc.) at the master WSD. maxp  is 

the maximal possible output power of the slave WSDs, dictated by hardware limitations 

or regulatory specifications.  

It should be noted that the optimization procedure also straightforwardly generalizes to 

situations where with different margins and/or interference thresholds for each critical 
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position are specified as well as to situations where different slave WSDs have different 

maximal possible transmit powers. 

This problem is possible to reformulate as a convex optimization problem: 
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where the margin marginI  have been introduced. The optimal setting of marginI , that makes 

(3-2) equivalent with (3-1), will depend on the threshold   as well as the number of 

WSDs N  and the associated propagation models. The problem (3-2) is easy to solve 

using standard methods for solving convex optimization problems (e.g., the cvx toolbox 

for Matlab, [14]). 

The original problem (3-1) is solved by using an iterative method to find the marginI  so 

that 
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is fulfilled. To maximize the UL capacity the probability should not be too low either so 

the marginI  is actually iteratively updated until the maximal aggregated interference 

position satisfies 
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is fulfilled. The '  is a parameter that is typically much lower than  . In the example 

realization below the acceptable probability interval is chosen to be [0.95%, 1%]. This 

condition may be evaluated using the well known Fenton Wilkinson method, see e.g., 

[15], for approximation of the sum of the log-normal distributions of each interfering 

signal. Also, the probability may be estimated using standard Monte-Carlo methods. 

The way the margin marginI is updated is by choosing an initial value of zero dB, i.e. 

)0(

marginI = 0 dB, and choosing a maximal margin value 
max

marginI that is very large, e.g. 120 dB. 

Then in each iteration  

 if the probability 
max

HIP  is larger than  , the minimal margin value is set to 
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 if the probability 
max

HIP  is lower than '  , the maximal margin value is set 

to 
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nII   and then the margin is decreased to  
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                      (3-6) 
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The new value 
)1(

margin

nI is then used as marginI in the convex optimization problem Eq.(3-2) to 

find the power allocation and subsequently to evaluate the validity of the solution (power 

allocation) via the constraint Eq.(3-3). 

The iterative optimization process is illustrated in Fig. 3-4 below. Prior to what is shown 

in this figure the master WSD queries the geo-location database for the relevant 

information (specified above). The master WSD queries the database. Then the master 

WSD does the following: 

1. The master WSD estimates, e.g., via use of pilots, the channel gains between 

the master WSD and all slave WSDs.  

2. The master WSD calculates or estimates all channel gains between all 

combinations between slave WSDs and critical positions, using e.g., a pre-

defined propagation model, antenna diagrams, etc. The estimation of the 

channel gains may be improved if, e.g., there is some feedback mechanism 

from the primary receivers implemented or if there is measurement 

equipment deployed by e.g., the secondary system operator, for measuring 

the aggregated interference at representative critical positions. 

3. The master WSD sets an initial margin for the aggregated interference, e.g., 
)0(

marginI = 0 dB. 

4. The master WSD maximizes the sum rate or some other appropriate criterion 

of the UL transmissions by solving a standard convex optimization problem 

with constraints on the maximally allowed aggregated interference with the 

margin added, using standard methods for convex optimization. 

5. The master WSD evaluates for all critical positions whether the UL (i.e., slave 

WSD) power allocation results in a probability distribution of the aggregated 

interference that yields a sufficiently low, but not too low, probability of 

exceeding the interference threshold, i.e.,  

  ,',, max

,  HIiixHI PxP              (3-7) 

a. If the probability of exceeding the interference threshold is too 

high the margin is increased and if the probability is too low the 

margin is decreased. Then the process continues at step 4. 

b. If the probability is within a predefined range the iterative 

procedure stops (go to step 7). And the obtained power allocation 

is the optimal allocation that protects the primary receivers at the 

specified level. 

6. The master WSD informs the slave WSDs of the UL transmit powers. 

7. The WSDs use the specified transmit powers when transmitting in UL, i.e., 

from the slave WSDs to the master WSD. 
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Find path gain for all UE to BS links

Estimate path gain for all UE to critical position links

Convex optimization to find optimal power allocation

Initialization

Are constraints met?
No

Yes

Use the found power settings for the uplink transmissions

Update interference 

threshold margin

 

Fig. 3-4: Schematic flow diagram of the iterative process followed to find the optimal 

power allocation that respects the aggregated interference constraints. 

 

3.5 Numerical realization of the optimization algorithm 

In this section an example realization is presented to give evidence that the above 

outlined method for allocating powers performs as indicated.  

In the example realization, five slave WSDs, i.e., 5N , are allocated transmit powers 

for UL. This setup in the example is visualized in Fig. 3-5. The critical positions are 

assumed to be the, in the figure visible part of the TV coverage contour (the line in red). 
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Fig. 3-5: The studied example scenario 

 

In the simulations an interference threshold of thI = - 57 dBm and an acceptable interval 

for the probability of harmful interference   ,'  =  %1%,95.0  is assumed. The 

aggregated interference and probability of harmful interference have been calculated 

using the Fenton-Wilkinson approximation, first introduced in [15] and further described 

in [16] and [17]. The optimization procedure converges in this realization rather quickly 
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to a margin of 11 dB. The optimal power allocation for a maximum slave WSD transmit 

power of maxp = 20 dBm, is found to be: 

1p  = 6.76 dBm 

2p   = 12.72 dBm 

3p   = 20.00 dBm 

4p   = 20.00 dBm 

5p   = 20.00 dBm 

This UL power allocation generates the mean aggregated interference shown in Fig. 3-6. 

 

Critical positions

 

Fig. 3-6: The mean aggregated interference when the optimal power allocation is used at 

the slave WSDs. 

Further, the mean aggregated interference along the contour (left to right correspond to 

down to up direction in Fig. 3-6) is shown in Fig. 3-7, where it is verified that the 

solution of the convex optimization problem Eq.(3-2) with the correct margin indeed 

respects the constraints in Eq.(3-2). 
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Fig. 3-7: The obtained mean aggregated interference along the TV coverage contour, 

i.e., the critical positions. 

Fig. 3-8 shows the probability of exceeding the interference threshold at the critical 

positions along the contour. Indeed the maximum probability of interference at any 

critical location is 0.96%, i.e., within the acceptable interval. 

 

 

Fig. 3-8: The probability of causing harmful interference, i.e., of the aggregated 

interference to be above the interference threshold for the optimal power allocation in 

the example scenario, along the TV coverage contour (critical positions). 
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Fig. 3-9 shows the region in which the probability of exceeding the interference threshold 

is above 1%. The coverage contour, i.e, the set of critical positions, is almost tangential 

to this region at the critical position having the maximal probability of harmful 

interference. This is to be expected from a well behaving power allocation process since 

this indicates that the slave WSD powers are set so that the maximal capacity (sum 

rate) in UL is achieved without violating the primary protection requirements. 
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Fig. 3-9: Visualization of the region where the probability of having the aggregated 

interference being above the interference threshold is above 1%. 

 

3.6 Summary 

In this section we have introduced a power allocation strategy for secondary users 

operating in the TV white spaces. The goal of this strategy is to keep the probability of 

causing harmful interference to primary TV receivers below a threshold, possibly 

specified in future regulations, while maximizing the sum rate of the secondary links. It 

is assumed that the secondary transmitters are coordinated by a master WSD, which 

may be a cellular base station, and that the secondary transmissions are mutually 

orthogonal. 

The power allocation method introduced allows dynamically taking into account the 

probability distribution of the aggregated interference, generated by the secondary 

transmissions. This is done by solving a series of convex optimization problems. This 

approach allows tuning of the margin of the interference threshold with the result that 

the margin is not needed to be set according to worst case assumptions (as done in 

many established literatures) and hence resulting in larger allowed secondary UL output 

powers which imply better secondary UL performance.  

Note however that the example realization provided in this section may still be 

considered as a worst case scenario in that it uses positions along the TV coverage 

contour as the critical positions ix , i.e., it does not use the locations of the actual 

receivers as that information is assumed not to be available.  
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If the locations of the primary receivers in the TV coverage area would be available, the 

strategy may be straightforwardly applied by using these locations as the critical 

positions ix  in the optimization. The present approach will then generate a secondary 

transmit power allocation for the slave WSDs that properly keeps the probability of 

causing excessive interference to these locations below the threshold. Further, if the 

actual primary receiver locations were inside the TV coverage (further away from the 

secondary system than the TV coverage contour) the allocation would allow higher 

secondary transmit powers and hence better secondary performance. 
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4 Cooperative Multi-band Sensing 

4.1 Introduction 

The process of spectrum sensing is an important functionality of cognitive radio devices 

enabling them to sense and inspect vacant spectrum opportunities for secondary usage. 

One of the cornerstones of latest secondary spectrum access development (also pointed 

out within the QUASAR project) is the inability of the spectrum sensing process to derive 

the needed reliability for practical deployments. This leads to the databases being a 

preferred approach by the regulatory bodies (e.g. FCC ruling on skipping the spectrum 

sensing requirements for TVWS devices). However, the process of spectrum sensing may 

prove vital for more accurate and up-to-date information on spectrum usage, 

complementing the database based approach. In some cases, geolocation can be 

inaccurate and the update period of the database query can be too rare to track all 

changes in the environment (e.g. indoor environments). This requires large protection 

zones for the primary users reducing the spectral efficiency of the secondary system. 

Additionally, PU systems that are not registered in the database are not taken into 

consideration and cannot be protected from SU’s opportunistic access (e.g. Programme 

Making Special Events (PMSE) devices). The spectrum sensing approach enables a more 

frequent and local (geo-location independent) detection capable of identifying low power 

and “unpredictable” incumbent users like PMSEs, but lacks the capability to combat with 

the effect of aggregate interference. Merging the sensing with the database approach 

complements both processes and enables a more secure and efficient assessment. 

Hence, databases can be aided by sensed data (e.g. refreshing path gain calculations, 

detection of PMSE devices and Electronic News Gathering (ENG) equipment in TV white 

space scenarios [19]). The sensed data can be used in the process of updating the 

databases whenever there are changes in the communication conditions in the overall 

system (i.e. appearance of unregistered incumbent users). Additionally, sensing based 

approaches can be exploited for radar bands availabilities detection [20] and can be 

utilized for synchronizing the SU transmission with the rotational pattern of the radar 

antenna, or for detecting deviations from deterministic rotational patterns. Therefore, 

this section aims to explore the possibilities of increasing the efficiency of the spectrum 

sensing process with different enhancements as a complementary approach to 

databases.  

The effects of non-cooperative single band sensing was extensively elaborated in D2.2 

[21]. Applying a multi-band sensing approach where the nodes sense a wider bandwidth 

portion and may also incorporate high rate sampling detectors can significantly increase 

the efficiency of the spectrum sensing process and the corresponding probability of 

vacant spectrum detection. The notion of multi-band spectrum sensing refers to a chunk 

of the frequency spectrum that may be occupied by multiple primary signals [22] or may 

be interpreted as a broadband channel divided into a number of narrow sub-channels 

where one or more primary systems may transmit [23], [24], [25]. Effectively, the 

multi-band spectrum sensing can achieve higher detection performance compared to the 

classical (i.e. single-band) spectrum sensing approach for a given probability of harmful 

interference [26], which may prove vital for dynamic secondary spectrum access 

environments.  

Providing a cooperative approach among multiple secondary nodes with sensing 

capabilities can further enhance the multi-band spectrum sensing. The decision 

(centrally or locally) for the presence of the primary users over the multiple channels is 

made based on the local measurement observations for all channels from all users that 

cooperate [25], [29], [30]. The approach may employ any of the existing data fusion 

models developed for the single band sensing case, but extended and adapted for 

multiple channels. The cooperation improves the spectrum sensing efficiency and 

reduces the interference caused to the primary system.  



QUASAR  Deliverable: D4.2 

(ICT-248303)  Date: 31.03.2012 

QUASAR PUBLIC DISTRIBUTION Page 44 of 91 

© QUASAR and the authors 

However, the benefits of cooperative multi-band sensing come in trade-off with the 

increase of the number of involved users needed for reliable control channel 

establishment and increase of the signaling overhead in the secondary network. These 

aspects may limit the achievable throughput of the secondary network, thus questioning 

the possible application of cooperative multi-band spectrum sensing in practice. 

Therefore, this section introduces and analyzes several cooperative multi-band spectrum 

sensing solutions that specifically address the above raised questions. The proposed 

solutions are general enough to accommodate various spectrum bands.   

 

4.2 Examples of selected cooperative multi-band sensing 

solutions 

Cooperative multi-band spectrum sensing essentially represents an optimization 

problem, where the main objective is to maximize the opportunistic throughput under 

certain interference limitation in the secondary (i.e. the cognitive) network [25], [27], 

[28]. This section introduces and analyzes several examples of cooperative multi-band 

spectrum sensing, i.e.:  

 Distributed Multi-band Spectrum Sensing (DMSS),  

 Energy efficient multi-band sensing,  

 Cooperative Multi-band Spectrum Sensing (CMSS) and 

 Fast Cooperative Spectrum Sensing (FCSS).  

Every introduced and analyzed example in this section specifically addresses some of the 

raised problems associated with cooperative multi-band sensing. DMSS considers a 

system of multiple frequency bands where each user can measure only one band in 

cooperation with other secondary users. It investigates the minimal required number of 

sensed bands in multiband environment under certain constraints for the interference at 

the primary system and service outage probability. The energy efficient multiband 

spectrum sensing model stems on the DMSS scenario and, furthermore, investigates the 

optimal number of users that should be allocated for reliable measurement in each 

frequency band. This allows maximization of the achievable throughput and minimization 

of the total power spent. The CMSS investigates the optimal sensing duration and 

optimal number of collaborating nodes that satisfy the required spectrum sensing 

reliability and maximize the opportunistic throughput in the secondary cognitive network 

for different fusion rules. The FCSS model evaluates the multi-band spectrum sensing by 

taking into account the multiple access protocols including TDMA and CSMA/CA during 

data fusion. It examines the most suitable sensor assignment strategy per band and 

optimal number of sensing nodes that maximize the opportunistic throughput. 

The main questions being answered in this section are the proportion of sensing vs. 

control signaling in the secondary network, the influence of the secondary multiple 

access on secondary spectrum efficiency and the justification of using adaptive strategies 

in secondary environments. They represent important QUASAR research pillars, but also 

clearly facilitate the analysis of the practical (non)feasibility of the spectrum sensing 

process in general.  

4.2.1 Distributed Multi-band Spectrum Sensing (DMSS) considering the 

secondary service demand 

A sensing strategy determines which spectrum band and for how long each SU should 

measure the spectrum. Sensing strategies have been proposed in the context of multi-

channel MAC protocols for secondary networks. However, in the design of MAC protocols 

either perfect sensing accuracy is assumed at the PHY layer [31], [32], [33] or the 

secondary performance is described solely in terms of secondary network throughput 

[34], [35], [36]. Other metrics to quantify the secondary network performance like 
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blocking probability, queuing and packet transmission delay have been proposed in [37], 

[38], [39], [40]. However, perfect sensing accuracy is considered therein.  

The DMSS approach attempts to integrate: (i) imperfect sensing at the PHY layer (ii) a 

sensing strategy at the MAC layer (iii) a multi-channel MAC protocol, and (iv) 

performance evaluation in terms of secondary service outage.  

There is an interesting trade-off between the service demand of the secondary network 

and the demand in measured spectrum. If the SUs measure a few spectrum bands, the 

sensing accuracy can be improved by using cooperative spectrum measurements. 

However, the chance of detecting enough available bands for serving all SUs will be low. 

On the other hand, if the measurements are distributed over many spectrum bands, the 

chance of measuring available bands increases. However, due to the sensing errors, the 

available bands can be classified as occupied and the spectrum sharing opportunity in 

these bands will be lost.  

We are looking to identify what grows quicker: the number of SUs utilizing the spectrum 

or the demand in measured spectrum. For instance, considering a secondary network 

running a certain service and assuming that an additional SU arrives, obviously, the 

capacity requirement of the overall network increases. At the same time, the sensing 

performance can be enhanced because there are more SU available for sensing. In this 

kind of scenario, we identify whether it is sufficient to rearrange the allocation of SU into 

the existing measured bands and modify the measurement time, or it is required to 

increase the number of measured bands for serving also the new user. If the number of 

SUs utilizing the spectrum grows much quicker compared with the number of measured 

bands then, there exists a potential for spectrum sharing for the secondary service under 

consideration.  

4.2.1.1 Model description 

We consider a centralized secondary network consisting of N  users and K  spectrum 

bands available for sensing. The secondary network is not aware of the bands that are 

available for sharing at its location. It has to identify the available bands by spectrum 

measurements. All the bands are assumed to offer the same transmission rate to the 

SUs when they are available. Different bands can be distinguished based on their prior 

probability
 k

0Pr of being available. It is assumed that the SUs are aware of the prior 

probabilities 
 k

0Pr  or the fraction of bands available for sharing at their locations.  

Each SU has to initiate a call through the secondary network base station. For illustration 

purposes we consider a simple multi-channel MAC protocol for managing the secondary 

spectrum access similar to the point coordination function in IEEE 802.11. Also, due to 

its simplicity, we consider constant rate voice connection for the secondary network 

service. By using different MAC protocols or different types of services only the number 

of traffic channels an available TV band can support will change. 

The availability of spectrum bands can change over time. For protecting the primary 

receivers the spectrum measurements should be carried out periodically. The secondary 

network base station is responsible for specifying the spectrum band and the duration of 

sensing to the SUs. Each SU is allowed to measure a single band at a time. As a result, 

the maximum number of measured bands is NKN , . The time interval between two 

consecutive spectrum measurement intervals is referred to as the detection cycle. A 

schematic diagram of the detection cycle is depicted in the following figure. 
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Fig. 4-2: Detection cycle incorporating spectrum measurement time, reporting time to 

the secondary base station and communication time for secondary users 

     

During the measurement interval mT , each SU measures the spectrum band specified 

from the base station. During the reporting interval rT , the SUs convey the 

measurement results to the base station over error-free reporting channels. The base 

station decides which measured bands are occupied and which are available by 

combining the measurement results received form the different SUs. During the 

communication interval cT , the base station polls the SUs in a round robin fashion. The 

durations of signalling, measurement and communication intervals are assumed to be 

perfectly synchronous between all measured bands. 

For quantifying the secondary network performance we use the service outage 

probability. We say that the secondary network experiences an outage when the number 

of bands detected to be available is not sufficient to carry all the secondary calls. Under 

outage, some of the secondary calls will have to be blocked. We identify the minimum 

required number of measured bands such that the outage probability bPr is maintained 

under a certain target value PP b Pr, .  

It is assumed that SUs measuring the same spectrum band collect independent spectrum 

measurements. Also, it is assumed that each spectrum band has the same fading 

statistics for all SUs. These two assumptions can be valid for short range cognitive 

networks where the SUs are located far from the primary transmitters.  

In order to decide whether the k th measured band is available or occupied, we use a 

binary hypothesis test. Each user estimates the received signal energy during the 

measurement window and conveys the measurement result to the base station. We 

utilize equal gain combining among the SUs measuring the same band. If the base 

station decides that the primary signal level is larger than the target detection level k  

then the k th measured band is assumed to be occupied. Otherwise, it is decided to be 

available for spectrum sharing. The channel between the primary transmitters and the 
SU is considered to incorporate both fast fading and shadowing [41]. The parameter 

 
is 

used to describe the number of independent fast fading blocks within the measurement 

time. 

4.2.1.2 Problem formulation 

It is desirable to reduce the number of measured bands in order to decrease the 

measurement time and utilize the available bands efficiently. At the same time, the 

service outage probability for the secondary system must be controlled, Pb Pr . Also, 

the probability to miss the primary signal and generate unacceptable interference to the 

primary receivers must be maintained under certain target, 
 

out

k

miss PrPr  , where 

 k

missPr stands for the misdetection probability in the k th measured band and the 

maximum allowable miss probability outPr  is taken from the primary system’s 

specifications.  
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If all the bands are characterized by the same fading distribution and the same detection 

level k , then, the misdetection probability is simply a function of the number of 

cooperating users. Let us denote by kn  the group of users measuring the k th band and 

by kn  the cardinality of the group. We minimize the number of measured bands by 

optimizing the number of SUs measuring each spectrum band and the measurement 

time. 

Since the measurement time is common for all the measured bands which offer the 

same transmission rate opportunity, the available bands can carry the same number of 

secondary calls. The measurement time mT can be mapped into the number of calls 

uN an available band can support by dividing the communication interval with the time 

required to transmit one voice packet. The maximum number of supported calls 
 max

uN can be derived by setting the measurement and the reporting interval equal to 

zero. The optimization problem can be formulated as:  

 

  k

NN

Nn

P

K

out

k

miss

uu

K

k

k

b

Nn uk












PrPr

Pr:toSubject

.:Minimize

max
1

,

 (4-1) 

Next, we show how to compute the service outage probability bPr . Recall this is the 

probability at least one SU call is not allocated during the detection cycle. Let us consider 

a scenario s where only  out of the K measured bands are detected to be available. The 

available bands are grouped under the set s , while, the rest of the measured bands 

are grouped under the complementary set 
C

s . The occurrence probability sPr for the 

scenario s is: 

    



C
ss k

k

k

ks gg  1Pr  
(4-2) 

where  kg  stands for the probability the k th measured band is classified to be 

available.  

Note that when a spectrum band is erroneously detected to be available, the secondary 

transmission rate will be lower than the expected due to the primary generated 

interference. In that case, the secondary base station can monitor the lower rate and 

stop the secondary transmissions on the occupied spectrum bands. Because of that, it is 

assumed that SU calls are carried only over the bands correctly identified to be available 

for sharing. As a result,       k

false

k

kg Pr1Pr0   where 
 k

falsePr stands for the false alarm 

probability.  

Since all the available bands can carry the same number uN of SU calls, an outage 

occurs in the case of: NNu  . The maximum number of detected available bands that 

still results in an outage is  1max  uNN . The outage probability bPr can be derived by 

summing over the occurrence probabilities sPr of all scenarios s where the number of 

detected available bands is smaller than or equal to max . 
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 

 
 


max

0

,

1

PrPr




KC

s

sb  (4-3) 

where  ,KC is the total number of  combinations in a K element set. 

4.2.1.3 Optimization algorithm 

In order to solve the optimization problem (4-1), we first identify the minimum required 

number of measured bands 0K under perfect sensing accuracy. In the presence of 

sensing errors, we increment the number of measured bands 1 KK  starting from 

0KK  until the optimization constraints are satisfied. Given the number K of measured 

bands, we identify the measurement time and the SU allocation Kknk ,1,   

minimizing the outage probability bPr . For a fixed K , the optimization problem becomes: 

 

  k

NN

Nn

out

k

miss

uu

K

k

k

b
Nn uk








PrPr

:toSubject

Pr:Minimize

max
1

,

 (4-4) 

In order to solve the optimization problem (4-4), one can fix the measurement time and 

optimize the SU allocation Kknk ,1,  . The optimization should be carried out for each 

feasible uN . Finally, the SU allocation and measurement time minimizing the outage 

probability bPr  should be selected. Given the number of measured bands and the 

measurement time we identify the optimal SU allocation by solving the following 

optimization problem:  

  k

Nn

out

k

miss

K

k

k

b
nk






PrPr

:toSubject

Pr:Minimize

1

 (4-5) 

It is easy to prove that the decision thresholds minimizing bPr  satisfy the constraints 

  kout

k

miss  ,PrPr with equality. In that case the detection probability  kg   can be written 

as a function of the number of users measuring the k th band. As a result, the 

optimization problem (4-5) is degenerated to an integer programming problem. The 

integer optimization can be solved by exhaustive search for a small number of SU N. For 

a high number of SUs we propose to solve it by means of a greedy algorithm.  

The greedy algorithm has been verified for a small number of SUs and is found to 

perform remarkably well. In chapter 4.2.1.4 it is used to study the relation between the 

number of SUs utilizing the spectrum and the demand in measured spectrum. 

4.2.1.4 Results 

The parameter settings for the primary and the secondary system are summarized in 

Table 4-1 and Table 4-2 respectively. 



QUASAR  Deliverable: D4.2 

(ICT-248303)  Date: 31.03.2012 

QUASAR PUBLIC DISTRIBUTION Page 49 of 91 

© QUASAR and the authors 

 

Table 4-1: Parameter settings for the primary system 

target detection SNR -12 dB 

shadowing standard deviation 3 dB 

coherence time the case with 5 independent blocks 

within the measurement interval 

corresponds to fast fading channel while, 

the case with single block 1  

corresponds to slowly fading channel 

maximum allowable miss probability 2% 

prior probability for the availability of 

bands 
The fraction 0Pr of available bands at the 

location of secondary network is assumed 

to be known. This is a parameter whose 

impact is identified in our computations 

bandwidth for each measured band 6 MHz 

 

Table 4-2: Parameter settings for the secondary system 

duration of the detection cycle 120 ms 

voice packetization interval  40 ms 

achievable rate on available spectrum 

bands 

3 Mbps 

maximum number of calls an available 

band can carry 

17 

service outage target probability this is a parameter whose impact is 

studied in our computations 

 

 

In Fig. 4-3 we identify the minimum required number of measured bands with respect to 

the number of SUs N  for different service outage probability target P . The fraction of 

available bands at the location of the secondary network is assumed to be equal to 50% 

on the left and 75% on the right. A few remarks can be drawn based on Fig. 4-3: 

 When the number of SU increases, one can decrease the measurement time in 

order to maintain the same number of measured bands. For instance, according 

to Fig. 4-3 (right) 6 bands are sufficient to serve from 18 to 34 SU calls with 

target service outage probability 1%. The measurement time for 18 and 34 calls 

are 45.6 ms and 5.3 ms respectively.  

 The number of measured bands does not increase monotonically with the size of 

secondary network. For instance, in Fig. 4-3 (left) 14 bands are required to serve 

18 calls and only 8 bands to serve 22 calls. In both cases the outage probability 

target is 5%. The reason being that, for small-sized networks the gain through 

cooperative measurements is small. Because of that, it is better to distribute the 

SU measurements in multiple bands to increase the chance of measuring 

available bands. 

 If the target outage probability is low and the size of secondary network is small, 

the optimization problem (4-1) may not have a feasible solution. When the target 

service outage is small, many bands should be measured to identify enough 

available bands. For small-sized networks only a few SU can cooperatively 

measure the same band. Because of that, the false alarm probability remains 

high and bands that are actually idle are detected to be occupied. 

 The number of SUs utilizing the spectrum grows much quicker compared to the 

number of bands required to measure.  
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In Fig. 4-4 the impact of spectrum availability at the location of the secondary network is 

demonstrated. The comparison with perfect sensing is included in order to illustrate the 

impact of fading and noise in the number of measured bands. For areas with high 

availability, 5.0Pr0  , the required number of measured bands is small. At the same 

time, the number of SU measuring cooperatively the spectrum is sufficient to average 

out the fading effects. The impact of imperfect sensing is distinct in areas with low 

spectrum availability and strict service outage probability target (see Fig. 4-4 left). 

  

 

Fig. 4-3: Minimum required numer of measured bands vs number of secondary users for 

different blocking probabilities. The fraction of available bands at the location of the 

secondary system is equal to 50% (left) and 75% (right). 

 

 

Fig. 4-4: Minimum required number of measured bands vs fraction of available bands 

0Pr at the location of the secondary system. The blocking probability is equal to 02.0P  

(left) and 05.0P  (right). 

4.2.2 Energy efficient multi-band sensing  

The existing work in multi-band spectrum sensing assumes that each SU has to measure 

the complete candidate bandwidth [25], [42], [43], [44], [45]. That can be inefficient in 

terms of time and energy resources. A sensing strategy can be used to determine the 

allocation of SU to multiple spectrum bands for spectrum sensing. In Section 4.2.1 we 

proposed a sensing strategy that takes into account the capacity requirement of the 

secondary network service. In this section we proposed a sensing strategy that takes 

into account the power spent for sensing. The service of the secondary network is not 

specified as in Section 4.2.1 and the secondary network performance is described in 

terms of achievable data rate. The distributed sensing of multiple spectrum bands can be 

viewed as multi-objective optimization problem. This section proposes maximization of a 
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cost function that considers both the SU data rate and the power spent for sensing. The 

optimization target is the allocation of SU to different spectrum bands for spectrum 

sensing. 

There is an interesting trade-off between the sensing accuracy and the power spent for 

sensing. Allocating all SU for spectrum sensing may affect marginally the sensing 

performance after some point. If the energy consumption is an issue, it may be more 

beneficial for the secondary network to refrain some of the SU from sensing. The trade-

off between energy efficiency and sensing performance has been studied so far for 

secondary networks seeking for transmission opportunities in a single spectrum band 

[46]. In order to increase the transmission opportunities, the SUs will naturally search 

over multiple spectrum bands. We identify how many bands it is reasonable to measure 

in order to balance between achievable data rate and power spent for sensing.  

4.2.2.1 Model description 

We consider the same model for the primary system and the secondary network as 

described in Section 4.2.1.  

If the k th band is available, the achievable data rate of SU in this band is denoted by 
 kr0 . If the k th band is occupied but it is erroneously identified to be available, the 

secondary data rate is denoted by 
 kr1 . Obviously, 

    krr kk  ,01  due to the presence of 

primary system generated interference at the location of the secondary network. 

The expected data rate of the SU network over the k th spectrum band is the sum of 

achievable rates 
   kk rr 01 ,  weighted with the probability to classify the measured band as 

available:
            k

miss

kkk

false

kk rr PrPrPr1Pr 1100  . The expected throughput over all spectrum 

bands is simply the sum: 
             


K

k

k

miss

kkk

false

kk rrO
1 11001 PrPrPr1Pr . It is assumed that 

all SUs are identical. In that case, the total power consumption increases linearly with 

the number of SU involved in spectrum sensing. If the energy spent per SU is denoted 

by sP , the total energy spent for sensing can be written as:  


K

k ks nPO
12

. 

In order to study the trade-off between expected achievable data rate and energy 

consumption we combine the two objectives 21,OO  into a single function as:  

 
sPN

O

R

O
J


 2

max

11   (4-6) 

where maxR is an upper bound for 1O 10,  is a coefficient used to weight the trade-

off between 1O  and 2O . For example, as the value of  increases, more emphasis is put 

on the energy consumption.  

4.2.2.2 Problem formulation and optimization algorithm 

In sensing-based spectrum allocation the probability to generate unacceptable 

interference increase to the primary receivers is controlled by keeping the miss detection 

probability under some target value, 
    kk

out

k

miss  ,PrPr . In addition, we decided to set a 

target constraint 
 k

undPr  on the false alarm rate for the k th measured band 
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It is easy to show that the miss probability maximizing the optimization function (4-6) 

satisfies the constraint with equality, 
    kk

out

k

miss  ,PrPr . Given the miss probability target, 

the false alarm constraint is satisfied when a minimum number of SU 
 knmin cooperatively 

measure the k th band. 

The optimization problem (4-7) can be solved by using exhaustive search for a limited 

number of SU and spectrum bands. When the search space becomes large, some 

heuristic algorithm will be required. We noticed that the distributed sensing problem (4-

7) can be viewed as a multiple choice knapsack packing (MCKP) problem. Each spectrum 

band can be represented by a class and each possible group of SU measuring a band can 

be represented by an item. Let us denote by ijx  the binary variable describing whether 

the i th spectrum band (or class) is measured by j SU. Then, the optimization problem 

(4-7) can be also formulated as: 
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where 1ijx  describes the case that j SU are allocated to measure the i th spectrum 

band, the weights ijwij  ,  and the profits ijp  can be computed based on (4-6) 
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 (4-8) 

4.2.2.3 Results 

There are many available algorithms for the solution of MCKP problems [47]. Among 

them we select the greedy optimization algorithm due to its low complexity. First, we 

compare the results obtained by using exhaustive search and by the MCKP algorithm for 

a small number of SU and spectrum bands. Then, we use the MCKP algorithm for 

studying distributed spectrum sensing over very wide bandwidth.  

We consider a case with 6K  bands available for sensing. The spectral efficiency for 

secondary transmissions over available and occupied bands is taken equal to 0.5 b/s/Hz 

and 0.1 b/s/Hz respectively. For 6 MHz transmission bandwidth the achievable data rate 

is equal to 3 Mbps and 0.6 Mbps respectively. The number of collected samples is set to 

1000. The shadowing standard deviation is 3 dB and the target detection level 12 dB 

under the noise level. The availability of six bands is selected randomly between 0.4 and 

0.6. The algorithm performance is verified in different fading environments. The fading 
impact is introduced through the parameter  that describes the number of independent 

fast fading blocks within the measurement time. When 1  the channel coherence time 
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is larger than the measurement time. In that case the fast fading is not averaged out at 

a single SU and its impact on the detection performance is severe. On the other hand, 

when 5  there are five independent fast fading realizations within the collected block 

of measured samples. 

In Fig. 4-5 we obtain the optimal SU allocation by using exhaustive search and also by 

the MCKP algorithm. For the derived allocations the expected data rate is computed.  

 

 

Fig. 4-5: Expected throughput over six spectrum bands by using exhaustive search and 

the knapsack algorithm for different size of secondary network. Weighting coefficient is 

taken equal to 05.0 (left) and 15.0 (right). 

 

Having verified in Fig. 4-5 that the MCKP algorithm performs remarkably well in small-

sized SU networks we use it to study the distributed sensing problem under wide TV 

bandwidth. The derived allocation of SU over 20 spectrum bands is depicted in Fig. 4-6 – 

Fig. 4-8. It is assumed that only the fraction of available bands 0Pr at the location of the 

SU network is known. Based on these figures, the following remarks can be drawn 

 When the fading can be averaged out at a single SU, 5 , the SUs are allocated 

to the bands in a round robin fashion. We stop adding SU to a measured band 

when the gain in sensing accuracy by allocating more SU becomes marginal (see 

Fig. 4-7). When a target false alarm rate is also set, the SUs are still allocated in 

a round robin fashion after the required number of users is allocated in each band 

(see Fig. 4-6). 

 When the fading is severe 1 , we initially allocate one SU per band to increase 

the chance of measuring available bands. Many SUs are required to collect 

cooperative spectrum measurements for mitigating the fading effects and 

enhance the sensing accuracy. Because of that, the energy consumption 

outweighs the achievable data rate in the cost function unless there are enough 

SUs to cooperate (see Fig. 4-8). 
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Fig. 4-6: Allocation of users in multiple spectrum bands for spectrum sensing by using 

the knapsack algorithm. Fraction of available bands at the location of secondary network 

5.0Pr0   and 5  independent fast fading realization within the measured time. In each 

measured band there should be allocated at least three secondary users to meet the 

false alarm target; equal to 10%. 

  

 

Fig. 4-7: Allocation of users in multiple spectrum bands for spectrum sensing by using 

the knapsack algorithm. Fraction of available bands at the location of secondary network 

5.0Pr0   and independent fast fading realization within the measured time .5  No false 

alarm target is specified. 

 

 

Fig. 4-8: Allocation of users in multiple spectrum bands for spectrum sensing by using 

the knapsack algorithm. Fraction of available bands at the location of secondary network 

5.0Pr0   and independent fast fading realization within the measured time .1  No false 

alarm target is specified. 

4.2.3 Cooperative Multi-band Spectrum Sensing (CMSS) 

The spectrum sensing reliability depends on the type of used detector and can be mainly 

improved by either increasing the sensing time [48] or cooperation among the involved 

secondary users. However, both solutions decrease the throughput in the secondary 

network since the time resources are spent either for spectrum sensing or for control 

information exchange. This subsection elaborates the CMSS model that overcomes this 

problem.  
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4.2.3.1 Model description 

The CMSS model assumes a centralized and cooperative secondary cognitive network 

with a Fusion Centre (FC) and N secondary users that sense K channels. Each secondary 

user employs energy detection to sense all K channels and send its sensing report to the 

FC through a common control channel. The FC fuses the sensing reports and decides 

about the primary users’ presence/absence over the multiple channels. The main goal of 

the CMSS model is to find the optimal number of cooperative nodes and sensing duration 

that maximizes the throughput in the cognitive network. 

The channel access is assumed to be in a time division mode, Fig. 4-9. Each node senses 

all K channels for s seconds and spends c seconds for sensing report exchange. The 

estimated sensing time and control channel duration are given with eq. (4-9) and eq. (4-

10), respectively. 
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where i is the needed sensing time for a single channel (i.e. the ith channel), b is the 

number of bits per sensing report, Rc is the control channel bit rate and c' is a time 

interval dedicated for either an additional control channel information exchange or 

synchronization purposes. As a result, a node has T - s - c seconds for data 

transmission, where T is the frame duration.  

 

 

Fig.4-9: TDM channel access 

 

The potential throughput from the Shannon capacity theorem [49] for the ith channel 

with a bandwidth B(i) can be calculated as: 

))(1log()()( iSNRiBir 
 (4-11) 

The secondary users can use the K channels only if being vacant (i.e. not occupied by a 

primary one) and correctly detected (i.e. the sensing does not produce a false alarm 

event). Therefore, the aggregate opportunistic throughput in the cognitive network is the 

sum of the estimated throughputs per all channels: 
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where PH0(i) is the probability that the ith channel is available for secondary usage and 

Pfa(i) is the probability that the ith channel is not correctly detected as vacant. 

4.2.3.2 Problem formulation 

Eq. (4-13) formally describes the initial problem of the CMSS model: 
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where Ii is the interference at the ith channel (caused by a primary user presence), PH1(i) 

is the probability that the ith channel is occupied by a primary user and Pmiss(i) is the 

misdetection probability for the ith channel. The objective function is to maximize the 

aggregate (i.e. cumulative) throughput in the cognitive network by choosing the 

appropriate sensing time and the number of cooperating nodes. The constraint function 

states that interference per channel caused by the secondary users should not exceed a 

certain value . CMSS envisions that PH1(i) is a constant and Pmiss(i) = 1 - Pd(i), where 

Pd(i) is the detection probability for the ith channel, reducing the interference constraint 

function to a detection probability constraint (eq. (4-13)). 

Further analysis requires an adoption of a data fusion technique. As already stated, 

CMSS can either use EGC or MV.  

CMSS with EGC. The false alarm probability and the detection probability for the ith 

channel in this case are given with: 
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where m is the time-bandwidth product, thus the number of sampling points is u = 2m, 

i is the detection threshold for the ith channel chosen for a specific target false alarm 

probability, γj is the received SNR at the jth user, Γ(.,.) and Γ(.) are the incomplete and 

the complete gamma functions, respectively, and QNm(.,.) is the generalized Marqum Q 

function. Additionally, eq. (4-16) expresses the time-bandwidth product as a function of 

the sensing time: 
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Finally, the optimization problem from eq. (4-13) specified for the EGC case is 

formulated as: 
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The objective function and the first constraint function follow the same form as in eq. (4-

13). The second constraint function in eq. (4-17) refers to the false alarm probability and 

the subsequent choice of an appropriate detection threshold. 

The optimization problem (4-17) represents mixed integer problem. However, the 

minimal number of cooperating nodes and the minimal sensing time that satisfy the 

second constraint function maximizes the objective function in eq. (4-17) (proof is 

presented in Appendix A.2: Proof of Lemma 4-1). The second constraint function 
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maximizes the detection probability (i.e. the first constraint function) when equality is 

achieved (proof is presented in Appendix A: Proof of Lemma 4-2). An exhaustive search 

algorithm can be applied for finding the minimal i and N that satisfy the constraint 

functions in eq. (4-17) and maximize the objective function. The algorithm makes 

following: for every N, it finds the minimal sensing time, so that the second constraint 

function is satisfied.   

CMSS with MV. The false alarm probability and the detection probability for the ith 

channel in this case are given with: 
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where the values of Pfa and Pd refer to the false alarm probability and detection 

probability of a single node, respectively. The initial optimization problem in eq. (4-13) 

can then be reduced to an optimization problem formulated as: 
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As in the EGC case, the second constraint function helps to find the detection thresholds 

needed in the first constraint. The detection threshold that maximizes the objective 

function is obtained for Pfa = n', where n' should be chosen for each number of 

collaborating nodes n  {1..N} so that Pfa ≤ . The first constraint function limits the 

interference caused to the primary users by controlling the detection probability. Thus, 

similarly to the EGC case, the minimal sensing time and the number of cooperating 

nodes that satisfy the first constraint function maximizes the objective function (see the 

proof in Appendix A.2, same as in the EGC case).     

4.2.3.3 Results 

This subsection gives a performance evaluation based on the analytical approach 

elaborated before. The number of cooperative nodes and the optimal sensing time are 

determined using an exhaustive search algorithm according to the parameters shown in 

Table 4-3. 
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Table 4-3: Parameters for the performance evaluations 

Frame duration T 2s 

Number of collaborating nodes N 1,…,10 

Sensing time i {0.01,…,1} s 

Number of channels K 6 

Bandwidth per channel  B 6 MHz 

Sampling frequency  fs 2000 Hz 

Average level of channel SNR γ 2dB 

Probability for primary user absence PH0 0.5 

Control channel overhead duration c  0.01s 

Control channel bit rate Rc 100Kbps 

Bits per sensing report, EGC bEGC 4byte=32 bits 

Bits per sensing report, MV bMV 1 byte=8 bits 

Detection probability constraint  ' 0.99 

False alarm probability constraint   0.01 

False alarm probability constraints MV n' {0.01,0.005,0.06,0.04,0.105,0.085,0.143, 

0.12,0.17,0.15}, for n = 1, 2, 3, 4, 5, 6, 7, 

8, 9, 10 

 

Fig. 4-10 depicts the optimal pairs (number of cooperating nodes, sensing time) for 

which the required constraints in eq. (4-17) and eq. (4-20) are satisfied. Fig. 4-11 

depicts the achieved throughput for the optimal pairs as a function of the sensing time. 

 

 

Fig. 4-10: Optimal pairs (number of 

cooperative nodes, sensing time) 

 

Fig. 4-11: Throughput vs. sensing time 

 

It is evident that minimal sensing time for both techniques (EGC and MV) is achieved for 

the maximal available number of cooperating nodes, Fig. 4-10. This suggests that if a 

higher number of cooperating nodes is used, then the sensing duration per channel will 

reduce more. Also, the EGC fusion technique meets the imposed constraints with lower 

amount of resources than MV, Fig. 4-10, and outperforms MV for lower sensing time 
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duration, Fig. 4-11. Longer sensing durations yield comparable results for both fusion 

techniques, Fig. 4-11. 

Fig. 4-10 and 4-11 demonstrate that maximal throughput is achieved with certain small 

sensing time in combination with the highest number of cooperative nodes (i.e. 10 in 

this case). However, the sensing time is determined by the device capabilities reflected 

through the sampling rate. Fig. 4-12 depicts the optimal sensing time (that maximizes 

the throughput with 10 cooperative nodes) for both EGC and MV fusion techniques as a 

function of the sampling rate. Fig. 4-13 gives the maximal achievable throughput for any 

sampling rate for both EGC and MV. It is obvious that as the sampling rate increases, the 

optimal sensing time (for 10 cooperative nodes) that satisfies the constraints decreases, 

Fig. 4-12. This results in higher maximal throughput for higher sampling rates, Fig. 4-13. 

Also, faster sampling devices yield higher throughput performances, Fig. 4-13. Finally, 

EGC achieves higher maximal throughput than MV for a same sampling frequency, Fig. 

4-13. 

 

 

Fig. 4-12: Sensing time vs. 

sampling rate 

 

Fig. 4-13: Maximal achievable 

throughput vs. sampling frequency 

Finally, Fig. 4-14, 4-15 and 4-16 depict the SNR influence on both EGC and MV 

techniques in the CMSS model. Fig. 4-14 represents the minimal number of cooperating 

nodes that satisfy the target constraints under different SNR values. Fig. 4-15 depicts 

the minimal required sensing time duration that meets the constraints under different 

SNR values. Fig. 4-16 shows the calculated throughput for the number of cooperating 

nodes and sensing time at Fig. 4-13 and Fig. 4-14, respectively. It is clear that, for lower 

SNR values, the EGC outperforms MV, whereas for higher SNR values, EGC and MV 

achieve similar throughput performances. 

 

Fig. 4-14: SNR vs. number 

of collaborating nodes 

 

Fig. 4-15: SNR vs. sensing 

time 

 

Fig. 4-16: SNR vs. 

throughput 

The CMSS scheme proves that cooperation with under-sampling can lead to higher 

throughput in secondary networks as compared to the single sensing case. 
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4.2.4 Cooperative Multi-band Sensing with Reporting MAC Considered  

Cooperative spectrum sensing generally consists of two stages: sensing and reporting, 

where sensors measure channels at the sensing stage and then uses a multiple access 

protocol to report their local measurement results. Both operations are time critical and 

required for efficient spectrum opportunity exploitation by the secondary system. 

However, almost all the cooperative sensing strategies have ignored the reporting 

process or greatly simplified it by assuming a perfect time-slotted multiple access ([50], 

[51], [52], [53]). In this work, we examine the impact of reporting MAC protocols on 

centralized cooperative spectrum sensing in multiband cognitive networks. Specifically, 

we study the applicability of TDMA and IEEE 802.11 CSMS/CA protocols for cooperative 

spectrum sensing reporting. The results show that the reporting overhead caused by 

multiple access is non-negligible, especially for the contention based MAC protocols. 

Moreover, we find out that, since each cooperating sensor has only one data packet to 

send, the main role of the reporting MAC is different from traditional wireless MAC 

protocols which are employed to regulate and balance network resources among nodes. 

The fairness issue no longer plays a role. The dominant measure for the reporting MAC 

protocol is how fast the local observations can be reliably transmitted to the fusion 

center. We then propose a Fast Cooperative Spectrum Sensing strategy (FCSS) by 

exploiting concurrent occurrence of the spectrum sensing activities and the reporting 

process with an improved IEEE 802.11 MAC protocol. The proposed reporting MAC is a 

simple modification to the IEEE 802, and can significantly reduce the complexity of 

contention resolution algorithm and shorten the reporting duration.  

In addition, our work has also considered two sensor assignment strategies over multiple 

channels: static assignment and random selection. A general mathematical model has 

been developed to quantify the achievable bandwidth utilization within a secondary 

systems, which takes into account different combinations of sensor assignment 

strategies, reporting MAC protocols, fusion rules and regulatory constraint. The model 

can be used to optimize the network parameters including number of sensors and sensor 

assignment settings to shorten the total sensing and reporting time, and hence 

maximize the secondary spectrum efficiency under regulatory constraints. 

4.2.4.1 System model and problem formulation 

We consider a multiband cognitive network consisting of M licensed channels indexed 

from 1 to M and one common control channel (CCC) dedicated to the fusion process of 

multiple secondary users. Let N denote the number of cooperative secondary sensors 

distributed over M channels and each sensor has a single half-duplex transceiver. In 

centralized cooperation, a quiet period Tq is usually defined and consists of two phases: 

sensing and reporting. The sensors measure one or a number of channels during the 

sensing phase Ts and report their observations to a fusion center through CCC in the 

reporting phase Tr. 

From the secondary system's perspective, a long quiet period could result in significant 

inefficiency in licensed bandwidth utilization especially when there are a large number of 

licensed channels, since all the M channels cannot be utilized by secondaries during Tq. 

Considering a periodic sensing strategy where the sensing operation is performed every 

T period of time, the achievable normalized throughput of the secondary system can be 

expressed as: 
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where Pi(H0) is the probability that the ith channel is free from primary transmissions, 

and Pfi is the false alarm probability of the ith channel. It should be noted that eq. (4-21) 

is a simplified expression of the achievable secondary throughput. In practice, the 

secondary users also transmit when a missed detection takes place. In our model, we 

suppose that eq. (4-21) dominates the achievable throughput and ignore the other 
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aspect, since numerous spectrum measurement campaigns have shown that the primary 

activity probability Pi(H1) is very small in reality (less than 0.3), which is also a key 

factor in making the exploration of secondary usage economically feasible. 

We start from a base scenario and assume that P(H0) of each channel is identical for the 

sake of simplicity. Mathematically, the problem can be formulated as an optimization 

problem as follows:  





 M

i

fi

q
P

MT

TT

1

)
1

1(max  (4-22) 

*

0
mintosubject ddi

Mi
PP 


 

(4-23) 

*

1

1
tosubjector d

M

i

di PP
M


  

(4-24) 

where Pdi is the detection probability of the ith channel and Pd
* is the target detection 

probability with which the primary system is defined as being sufficiently protected. We 

have considered two types of protection constraints for a multiband primary system as 

indicated by eq. (4-23) and (4-24) where the protection constraints of multiple channels 

are defined from single and average points of view, respectively. These two constraints 

can be considered either jointly or separately. Note that Pd
* in eq. (4-23) and (4-24) can 

be different. By observing eq. (4-22)-(4-24), our target is transformed to derive the 

quantities of P and Tq , where P  stands for the average detection (`  ' is `D ') or false 

alarm (`   ' is `F') probabilities over M channels.  

We apply this optimization model in the following two subsections to analyze the impact 

of reporting MAC on cooperative spectrum sensing and our proposed FCSS scheme.  

4.2.4.2 The Impact of Reporting MAC on Cooperative Sensing 

We consider that the spectrum sensing and reporting are performed in a time division 

manner. The reporting phase is started only when all the sensors finish their channel 

measurements, i.e. Tq=Ts+Tr.  

A. Sensing phase 

In Ts, each sensor has to determine which channels should be sensed among the M 

channels. We consider two sensor assignment schemes as follows. 

A.1 Static assignment 

In this scheme, N sensors are evenly distributed on M channels. Each sensor is assigned 

a fixed number of channels m and senses these channels in a sequential order. The 

number of sensors allocated per channel is kept the same and the number of 

measurements per channel is then given by MNm / , on average. The detection 

performance of each channel is identical and we have: 
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where Pκ stands for the detection (κ is d) and false alarm (κ is f) probabilities. 

The sensing duration Ts is given by: 

))(,min( swss tMmT    (4-26) 

where tsw is the channel switching time, and s is the amount of time employed for the 

primary signal collection on one channel by each sensor. We assume s of each sensor is 

identical and is a fixed value.  
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A.2 Random selection 

In this scheme, each sensor can randomly select m number of channels to perform 

sensing. However, it should be noted that, with random selection, there exists the 

possibility that the number of sensors on some channel is zero, which makes this 

channel inaccessible to the secondary users. To avoid this possibility, we assume that N 

sensors are initially evenly distributed on M channels to conduct channel measurements 

according to the static assignment rule. Each sensor sequentially measures msa number 

of channels to ensure that each channel is measured at least once. Afterwards, all the 

sensors perform random selection. As a result, the average number of measurements 

},,,{ 21 Mnnn n  over M channels meets the condition: 
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The channel selection problem can be thought of as distributing sm nodes into M 

channels with equal probability 1/M. Thus, without considering the condition defined by 

eq.(4-27), the probability that channels M,,2,1  get Mnnn ,,, 21  number of 

measurements, respectively, is given by a multinomial distribution: 
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This probability should be normalized over the space defined by eq. (4-27) to ensure a 

valid probability distribution between [0,1]. Hence, the probability that channels 

M,,2,1  get Mnnn ,,, 21  number of measurements, respectively, is given by: 
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where the denominator is the sum of all combinations of n satisfying eq. (4-27). 

The average of detection performance over M channels is given by: 

  









n

n
M

i

ii nPf
M

P
1

)()(
1

  (4-30) 

The sensing duration Ts is given by: 

))(,min( swssasrs tMmmT    (4-31) 

B. Reporting phase 

The length of reporting phase Tr mainly depends on two aspects: the amount of data 

sent by sensors and the transmission strategies of the local observations. We consider 

TDMA and CSMA/CA multiple access mechanisms. For the latter, we study IEEE 802.11 

DCF due to its wide deployment. The details on deriving Tr for each multiple access 

scheme are as follows.  

B.1 TDMA 

TDMA is a static multiple access scheme for which each slot is designated to one sensor, 

and hence provides a clear guarantee on the completion time of data collection as 

follows: 

datar NtT   (4-32) 

where tdata is one time slot taken to transmit the data from one sensor to the center. 
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B.2 CSMA/CA 

In this case, as long as a sensor has a packet to send, it waits until the channel is 

sensed idle for a DIFS period denoted by tdifs. Then, all nodes contend to access the 

channel through random backoff. Once the fusion center receives a data from one 

sensor, it responds with an acknowledge. If no acknowledge is received by the sensor 

within the expected time, the data is assumed to be corrupted during the packet 

collisions and will be retransmitted. Each collision causes the contention window size to 

be exponentially increased. The reporting period Tr is highly dependent on the number of 

collisions. For two operation modes of CSMA/CA, Tr is given as follows. 

bosifsackdatadifscr tttttNT  ))((    : WayTwo  (4-33) 
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)2(    :Four Way
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where c is the total number of collisions with which the packets need to be 

retransmitted, and tbo is the time spent on backoff counting by all the sensors. The 

parameter tbo is equal to the total backoff time experienced by the last reporting node, 

since the backoff processes of all the nodes take place concurrently. 

To derive c  and tbo, we begin by estimating the collision probability and contention 

window evolution experienced by sensors. We adopt a simplified approach to estimate all 

the backoff activities and collisions seen by the last node. We use the average value for 

a variable wherever possible. Let W stand for the initial contention window of each node. 

The backoff window of each node is then uniformly distributed over [1,W] with the 

average value of W/2; for simplicity, we use W/2 instead of (W+1)/2. If a node fails to 

send its data, its contention window size is doubled. This doubling continues in the case 

of each collision until the contention window reaches its maximum limit Wmax. As a 

result, the contention window before the ith collision is ),2min( max

1 WWW ic

i

 . From 

average point of view, the probability that a node attempts to transmit in an arbitrary 

slot before the ith collision is determined by its average backoff window 2/c

iW and given 

by 
c

iW/2 . If one node begins transmission, the probability that other nodes do not 

transmit in the same slot is 
1

)/21(


 inc

iW , where in denotes the average number of 

contending nodes during the ith collision. The collision probability ip  is given by: 
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During the ith collision, )1( ii pn  number of nodes transmit successfully and quit from the 

reporting stage. The rest ii pn number of nodes suffer from the collision and continue 

accessing the shared channel with a larger contention window. Therefore, the number of 

contending nodes in the (i+1)th contention becomes iii pnn 1 . in  is given by: 
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The quantity in  can then be easily solved based on the two equations above. As the 

number of collisions i increases, the number of contending nodes in  during each collision 

decreases and can eventually reach a positive value 
Li

n  no more than one after certain 

number of collisions Li . This node can be thought of as the last reporting node. It 

experiences the 
th

Li )1(  and 
th

Li  collisions with the probabilities 
Li

n1 and 
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Li
n respectively. The total average backoff window of the last reporting node is then 

approximated by: 
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Hence, tbo can be solved by slotbobo tWt   

In general, a collision is attributed to more than one node having the same backoff 

window. We compute the probability that k nodes among in nodes select the same 

window slot as: 
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where in  is assumed to be an integer. The collision probability due to k nodes among 

in nodes is then given by: 
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where the denominator is a normalization term. Therefore, the total number of 

collisions c is given by: 
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where )(ic denotes the average number of collisions at the ith average collision. 

4.2.4.3 Fast Cooperative Spectrum Sensing (FCSS) 

In this section, we propose a cooperative strategy for multiband cognitive networks, 

which we call Fast Cooperative Spectrum Sensing (FCSS), by exploiting concurrent 

occurrence of the sensing process and an improved MAC protocol to reduce the total 

sensing and reporting time. In the scheme, the sensing phase overlaps with the 

reporting phase as shown in Fig. 4-17, where all the sensors firstly perform sensing 

during Tsa and then enter the reporting phase Tr during which part of the sensors 

continue to conduct the channel measurement. Note that the sensing phase TS ends 

earlier than Tr because all the sensors become inactive during the transmission of the 

last reporting node. The overlapped duration is denoted by the symbol Tsr.   

Ts

Tr

Tsa Tsr

Tq

 

Fig. 4-17: A quiet period with 

overlapped sensing and reporting phases 

CCC

Channel j

Channel j+1

Channel j+2

one reporting cycle 

channel switchingbackoff

data/RTS collision successful transmission

sensing

 
Fig. 4-18: An illustration of 

implementation details during  Tsr.  

 

On the other hand, we consider contention based MAC protocols for the reporting 

process. The traditional wireless CSMA/CA MAC protocols were originally designed to 
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serve data networks with long haul traffic where each node has a queue of data to 

transmit. They use complex contention resolution mechanisms (e.g., exponential 

backoff) to avoid bandwidth loss due to transmission collisions and hence regulate the 

network resources among nodes to meet the throughput and fairness requirement. Such 

mechanisms usually incur high contention overhead. Different from the long-haul traffic 

network, each node in the data fusion process has to transmit only one data packet 

through a multiple access process. It does not matter whether one packet arrives earlier 

than the others or consumes more bandwidth. The fairness is no longer a desirable 

quality to be sought. Thus, a node experiencing collisions does not mean that it has to 

back off with a larger contention window and spare resources to maintain a fair usage. 

On the contrary, more attention should be paid to transmitting local measurements as 

fast as possible. We propose an enhancement to IEEE 802.11 DCF MAC protocol in which 

the contending nodes reduce or keep their contention window instead of doing costly 

exponential backoff in the case of collisions.  

Similar to the non-overlapping scheme, we are interested in estimating of P  and Tq, 

where Tq=Tsa+Tr and the value of P depends on the number of measurements ni 

executed on each channel during Ts. We analyze Ts and Tr as follows. 

A. Reporting phase Tr 

Since the value of Ts is significantly dependent on the length of Tr, we first derive Tr. Fig. 

4-18 presents the implementation details for the overlapped duration Tsr. The reporting 

phase can be modeled as a cyclic process where one cycle is defined as the interval 

between the start of a new packet transmission attempt and the start of the next packet 

transmission attempt. During each cycle, when the CCC is sensed idle, all the sensors 

compete to report their data through the backoff mechanism. Once a transmission 

(including collision) begins, the others proceed to implement the measurement tasks. 

after completing the measurement of one channel, each sensor switches to the CCC 

again to check its availability instead of continuing to sense more number of channels. If 

the CCC is still detected busy, the sensor will jump to measure another licensed channel. 

This process is repeated until the CCC is found idle. The operation of switching to the 

CCC after every channel measurement comes at the cost of increased channel switching 

time, but in return for much lower computation complexity and broader generality for 

more situations. Those who have completed reporting the data stop their sensing 

activities. 

In the case of a collision, the colliding sensors reduce their contention windows and 

compete for the CCC through a second backoff contention. Those nodes who fail in the 

second contention restore their contention window size and proceed to measure the 

primary channels. Here, the colliding sensors do not double their contention windows in 

the case of collisions. This is because most of the sensors are remaining on measuring 

the primary channels. The number of colliding nodes on the CCC is fairly small, which 

indicates a rather low probability of collisions on the second contention with a certain 

contention window. We derive the number of colliding nodes in one collision and provide 

the proof as follows. 

Assume that k nodes are contending to make reports at the beginning of one reporting 
cycle. Given the contention window W, the probability that i  contending nodes select the 

same backoff window follows a binomial distribution and is given by 
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This is is a monotonically decreasing function of i  for 0i and a monotonically 

increasing function of k. In the case of W1=32 and k=30, the probability that there are 4 

contending nodes in one arbitrary slot is as low as 0.01%, which indicates that the 

number of colliding nodes in one collision is hardly greater than 4. For such a small 

number of nodes in the second contention, a relatively small value of Wc can be selected 

so that collisions hardly occur. We select Wc=16 in our study.  
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The reporting duration Tr can be expressed as: 


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where Trk is the duration of the kth reporting cycle without taking into account the backoff 

time in the first contention. Trk is given by: 
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where pk denotes the collision probability and is given by pk=1-(1-1/W)N-k, tcol and tdk are 

the durations for one collision and one successful data transmission, respectively. For the 

two-way and four-way handshaking mechanisms, they are given by: 
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Note that tdata of each reporting cycle may vary since each sensor could measure a 

different number of channels. The time tbo can be derived using the same approach in 

Section 4.2.4.2. 

B. Sensing phase Ts   

As illustrated in Fig. 4-21, Ts is comprised of two parts: Tsa and Tsr. During Tsr, without 

tuning into the CCC to listen to each other's transmission, one has no means to know 

which sensors have made reports and which channels the others have measured. This 

makes an equal assignment of measurements over all the channels infeasible. Hence, we 

employ the random channel selection algorithm. All the sensors measure the channels 

according to the static assignment rule during Tsa, and then performs random selection 

during Tsr. Therefore, the detection performance P  has the same formula expressions as 

(4-29) and (4-30). The sensing duration Tsa is given by: 

swsassasa tmmT    (4-45) 

4.2.4.4 Numerical results  

This section presents a performance evaluation based on the analytical approach 

elaborated above. We have studied a variety of network setups with the number of 

channels M ranging from 1 to 10. We only present the case of M=6 due to the same 

results observed.  

A. Parameter Settings 

For the sake of simplicity, we only consider the energy detection and an equal weight 

data fusion rule in the numerical evaluation. However, this does not exclude our model 

from being used for other detection and data fusion techniques. For the measurement of 

the ith channel by in number of sensors, we use the test statistic: 
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where fs is the sampling rate and ss f  is the number of samples. For a high number of 

samples, according to central limit theorem, T(y) can be approximated by Gaussian 

distributions. The detection and false alarm probabilities of ni cooperating sensors are 

obtained as follows: 
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where Q(.) is the complementary distribution function of a standard Gaussian variable 

and is given by dte
x
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u  is the variance of u;  denotes the received SNR of 

the primary signal measured at the secondary receiver under the hypothesis H1;   is the 

detection threshold.  

In our study, the sensing sampling rate is assumed to be fs=6MHz . We set the target 

values of Pd (1)=0.9  and Pf(1)=0.1 with dB20 , and derive a fixed value of 
2/ u  

which is further used in eq. (4-47) and (4-48) to compute the relationship between Pd 

(1), Pf (1) and s. We adopt IEEE 802.11a (6Mbps) and 802.11b DSSS (1Mbps) as the 

CSMA/CA reporting MAC protocols. The reported data size of one sensor is 128 bytes. 

We use 80μs of channel switching time.  

B. Results 

Fig. 4-19 depicts a comparison of throughput performance between three MAC protocols. 

IEEE 802.11a with 6Mbps is used for the reporting process. The single detection 

capability is set to Pd(1)=0.8. Correspondingly, the channel measurement time s 

approximates 1 ms. Each sensor measures m=6 channels. It can be seen that there 

exists an optimal number of sensors with which the secondary bandwidth utilization can 

be maximized under the imposed constraint of the average detection probability. It is 

observed that, given a regulatory requirement of 95% detection probability, around 7% 

and 13~15% of the potential capacity is lost for TDMA and CSMA/CA respectively due to 

the sensing and reporting overhead. Of this overhead, 58% (TDMA) and 77~80% 

(CSMA/CA) are attributed to control signalling and the rest to sensing. One can increase 

the CCC transmission rate or the sensing period to minimize the overhead. However, the 

former is not always feasible. A long sensing period may increase the danger of missed 

detection of primary system activities. Therefore, it is necessary to use an efficient 

reporting MAC in cooperative sensing. 

Fig. 4-20 explores the relationship between the achievable bandwidth utilization and the 

single detection capability. It can be seen that a high single detection probability does 

not always lead to optimal throughput capacity. A high single detection capability comes 

at the cost of long measure time which decreases the bandwidth for secondary 

transmission. For example, in the figure, given a target average detection probability of 

0.95, the achievable bandwidth for Pd(1)=0.9 is maximized when N=3. However, a 

better utilization can be reached just through simply adjusting the number of sensors to 

N=5 with a reduced Pd(1)=0.8. In general, the adjustment of the number of sensors is 

much preferable in many deployment scenarios, since the good detection precision of a 

single sensor is sometimes hard to achieve due to the harsh radio transmission 

environment even though the hardware capability is there. 
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Fig. 4-19: A comparison between three 

MAC protocols, static assignment, 

802.11a,  m=6,  Pd(1)=0.8, T=200ms  

 

Fig. 4-20: A study on the impact of single 

detection capability, static assignment, 

802.11a,  two-way access, T=200ms   

 

 

Fig. 4-21: A comparison between two 

sensor assignment schemes, two-way 

access, 4 sasr mmm , T=200ms     

 

Fig. 4-22: A comparison between IEEE 

802.11b and FCSS scheme, two-way 

access, 6 sasr mmm , T=1s     

 

Fig. 4-21 depicts the comparison between the static assignment and random selection 

sensing distribution schemes. The static assignment slightly outperforms the random 

selection.  This is because the random selection scheme causes an uneven distribution of 

number of measurements over channels, which could result in a shortage of sensors on 

some channels. On the other hand, many sensors on one channel could contain 

significant spatial redundancy and have a very limited contribution to the spectrum 

detection performance. 

Fig. 4-22 depicts that our proposed FCSS scheme has better throughput performance 

than the IEEE 802.11, especially as the number of cooperating sensors increases. This is 

explained by the fact that larger number of sensors result in more collisions which 

prolong the contention time. The FCSS scheme is designed to alleviate the contention 

overhead through avoiding the exponential backoff of contention window as in 802.11. 

Note that we consider an error-free control channel in the study. If an error-prone 

channel is considered, the exponential backoff in IEEE 802.11 scheme will frequently 

occur and result in significant contention overhead. Thus FCSS will exhibit much superior 

performance.  
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4.3 Concluding remarks 

Spectrum sensing represents an essential part of cognitive radio systems and it is tightly 

related to the process of dynamic spectrum access. One of its major weaknesses is its 

inability to obtain the required reliability for practical deployments. The nature of the 

spectrum sensing implies that it is almost impossible to estimate the actual aggregate 

interference in an arbitrary point of interest making its usability limited to mostly being  

a complementary approach to database spectrum opportunity detection. The cooperative 

multi-band spectrum sensing signifies a viable solution for increased efficiency of the 

spectrum sensing process. However, the drawbacks of the approach lie in the increased 

sensing time (lower opportunistic throughput) and the higher energy consumption for 

sensing the multiple bands, which must be carefully scrutinized when applying the 

cooperative multi-band sensing schemes in practice.   

This section has introduced and analysed several cooperative multi-band spectrum 

sensing solutions focusing on specific problems associated with cooperative multi-band 

spectrum sensing such as sensing time, signaling overhead, number of cooperative users 

etc. Their mutual cross-analysis is not possible as they target and deal with different 

aspects of the cooperative multi-band sensing problem, varying from the proportion of 

sensing vs. control signaling in the secondary network, to the influence of the secondary 

multiple access  method on secondary spectrum efficiency.  

The DMSS framework studies the interdependencies among the primary and secondary 

service outage probabilities (i.e. the outage when the number of available bands 

detected is not sufficient to serve all secondary calls), the number of the sensed bands 

and the number of secondary nodes. The results show that lower outage probability 

yields higher number of cooperating nodes and that the number of cooperating nodes 

increases much quicker than the number of bands subject to sensing. The energy 

efficient multiband spectrum sensing model focuses on the minimization of the total 

spent power, while maximizing the secondary network throughput. It defines a cost 

function between the energy consumption and the achievable secondary network 

throughput and concludes that the number of cooperating nodes is highly dependent on 

the fading effects, i.e., severe fading requires many cooperating nodes for sufficient 

sensing performance, which may seriously affect the energy consumption in the entire 

system. The CMSS investigates the optimal sensing duration and optimal number of 

collaborating nodes that satisfy a pre-required spectrum sensing reliability (in terms of 

detection probability) in order to maximize the opportunistic throughput in the secondary 

cognitive network. The analysis shows that for a detection probability of 99% and EGC 

fusion rule, when increasing the number of cooperating nodes from 3 to 10 (i.e. 

increasing the signaling overhead from 17% to 38%) the CMSS achieves more than an 

order of magnitude higher throughput. The FCSS model further introduces a MAC 

protocol to analyse a similar problem. The results show that the signaling overhead may 

go up to 7% for a 95% of detection probability, and that the proposed model always 

outperforms the single sensing node strategy in terms of the achieved throughput.   

From the results presented in this section it is evident that cooperative multi-band 

sensing can increase the system efficiency (in terms of the opportunistic throughput, the 

energy consumption, etc.) compared to the single-node single-band sensing case with 

certain trade-offs, like the increased signaling overhead and increased number of 

sensing nodes. 
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5 Strategies for Cooperative Spectrum Sharing among 
Secondary Systems 

5.1 Introduction 

The spectrum sharing process refers to the techniques how one or multiple secondary 

users access and coexist in vacant spectrum holes. Reliable spectrum availability 

discovery methods and efficient sharing strategies enable coexistence of secondary 

devices in the vacant spectrum and, in the same time, foster efficient and increased 

spectrum utilization. Different spectrum sharing strategies can be classified according to 

different criteria such as the secondary network architecture, the spectrum allocation 

approach, the secondary spectrum access method, the method used for spectrum 

availability retrieval and other secondary scenario specific parameters [54].  

Efficient and reliable spectrum sharing schemes yield accurate and reliable spectrum 

opportunity detection and its subsequent usage without violating primary users' 

protection criteria. The primary users' interference tolerance is a cornerstone aspect of 

every secondary spectrum sharing problem. The previous section in this deliverable 

targeted upgrades of a single-node sensing based spectrum opportunity detection in 

order to increase the reliability of the overall detection process towards more efficient 

spectrum sharing. The major drawback of the sensing based approach is its inability to 

cope with aggregate interference making its usability limited mostly to dynamic 

environments where there are rapid changes in the spectrum usage by different systems 

or for populating centralized databases. Therefore, databases become a preferred 

approach for practical deployments of secondary spectrum access, especially in static 

and life-critical scenarios such as TV white space and radar bands, fostering reliable and 

efficient spectrum sharing among multiple secondary systems. Databases also enable 

licence holders, regulatory bodies and operators to have more transparent and effective 

access to the underutilized spectrum. They foster efficient and reliable interference 

management and primary users' protection. 

The focal point of this section is to explore the possibilities to deploy spectrum sharing 

among multiple secondary systems. The spectrum sharing strategies can be broadly 

categorized as cooperative or non-cooperative ones. Deliverable D4.1 defined that a 

secondary system is “cooperative” if it restrains from exploiting available spectrum 

resources though it requires them for its current communication in order to allow other 

secondary systems to use them [1]. This deliverable exploits the possibilities for creating 

and evaluating cooperative sharing strategies.  

Cooperative sharing can refer to two different general approaches, i.e. 

 sharing with cooperative relays [55] [56] and  

 cooperation among secondary (or secondary - primary) entities in order 

to achieve increased sharing performances.   

The former approaches assume that relay nodes with sufficient available spectrum bands 

act as a bridge for communication between a source and a destination secondary node. 

The latter approaches assume that nodes exchange data on interference measurements 

or other relevant parameters, which is then used in the sharing process. In any case, the 

cooperation in secondary spectrum sharing scenarios yields improved system 

performances in terms of higher resources utilization, but also causes excessive 

signalling information in the network [54]. 

This section targets spectrum sharing strategies that use database based spectrum 

opportunity detection and exploit the effectiveness of the possible cooperation among 

the secondary systems. The cooperation among the secondary systems fosters more 

efficient resources utilization and in the same time reliable primary users' protection. The 
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scenarios are chosen to accommodate the QUASAR’s general objectives and provide 

valuable insight for possible subsequent practical investigation. 

5.2 Sharing strategies 

Implementing cooperative sharing schemes can result in high computational complexity 

and excessive signalization among the cooperative entities. Performance evaluation on 

different parameters is needed to justify their usage in secondary spectrum access 

scenarios.   

The cooperative spectrum sharing strategies of interest in this deliverable are: 

 Network Coordinated Beamforming with user Clustering (NCBC) 

 Joint power and channel allocation in a spectrum sharing scenario for WiFi-like 

secondary users in TV white spaces 

The first one is based on a novel cooperative technique for spectrum sharing between 

multiple secondary CR systems. It uses Network MIMO and utilizes a combination of 

Network Coordinated Beamforming (NCBF) and User Clustering (UC). The second 

strategy proposes a suboptimal algorithm combining power and channel allocation using 

the Nash Bargaining Solution (NBS) cooperative game theoretic approach, while still 

achieving fair spectrum utilization. Both schemes aim at maximizing the number of 

secondary entities that can successfully coexist and efficiently share the available 

spectrum.  

The cooperative sharing strategies in this section are envisioned as database based 

meaning that the secondary entities retrieve information on spectrum availability from a 

predefined database. The following subsections provide detailed description and 

performance evaluation of both of them. 

5.2.1 Network coordinated beamforming with user clustering for cooperative 

spectrum sharing of multiple secondary systems 

The spectrum sharing concept is very similar to the multiple access techniques in 

multichannel wireless networks and can be derived from conventional protocols [34]. 

Cooperation between the secondary CR systems can additionally increase the spectrum 

sharing efficiency. One possible approach that is based on cooperation and can provide 

high spectrum utilization is Network MIMO. MIMO systems have great potential to 

enhance the capacity of wireless networks [57], [58]. The spatial degrees of freedom 

offered by multiple antennas in multiuser MIMO networks can be exploited by scheduling 

multiple users to simultaneously share the same communication channel. This entails a 

novel and fundamental approach in multiuser communications [59].   

Several practical multiuser MIMO transmission strategies have been proposed that offer 

different tradeoffs between performance (spectral efficiency) and computational  

complexity, mostly in single cell environments [60], [61], [62]. A relatively small 

number of strategies have been proposed for multi-cell MIMO or network MIMO, where 

multiple BSs cooperate with each other for enhancing the system performance [63], 

[64]. Network Coordinated Beamforming (NCBF) is one possible strategy that enables 

network MIMO by introducing BS cooperation and allows multiple receive antennas on 

the user side [65]. Due to the capabilities of network MIMO, the technique can be used 

as a very efficient method for cooperative spectrum sharing in cognitive radio systems. 

This section proposes a novel cooperative spectrum sharing method denoted as Network 

Coordinated Beamforming with user Clustering (NCBC) [66]. It is based on the concept 

of Network MIMO via Network Coordinated Beamforming (NCBF). The NCBC method 

decreases the computational complexity of NCBF while providing high spectrum 

utilization making it efficient and suitable for real time spectrum sharing in CR systems.  
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5.2.1.1 Model description 

This sub-section explains the notation used in the work as well as the concepts of the 

system model. Throughout the text, uppercase and lower case boldface denote a matrix 

A and a vector a, while the AT, AH, A-1 denote the transpose, Hermitian, and inverse 

matrix of A, respectively. 

Consider the case where K secondary CR systems coexist and share the same spectrum 

hole (frequency band). It is assumed that their coverage area overlaps totally or in some 

parts and that every user has only one data stream. Additionally, every system has one 

BS and multiple users, but it serves only one user at a time, as shown on Fig. 5-1. This 

definition of the system model can be easily mapped onto an indoor scenario where 

multiple secondary CR systems, spatially collocated, use the same spectrum hole. An 

example scenario can be the event where a given TVWS is opportunistically shared by 

multiple LTE femto cells and IEEE 802.11af APs located in the same residential facility. 

 

 

Fig. 5-1: System model 

     

Due to the overlapping, the users from different systems will encounter high inter-

system interference. A possible solution for mitigating the interference, thus enabling 

efficient spectrum sharing is network MIMO i.e. NCBF. 

5.2.1.2 Problem formulation 

Consider a multi-user MIMO channel where all BSs are equipped with one transmit 

antenna and all users have Nr receive antennas. As elaborated in the previous section, 

only one user per system is served at a given time, hence the total number of served 

users at any given moment is equal to K. It is assumed that all BSs cooperate ideally to 

compute the transmit beamforming and receive combining vectors. This assumption has 

also been made in previous work related to BS cooperation and Network MIMO [63], 

[64], [65]. The channel between all BSs and the k-th user is represented by the channel 

matrix kH  of size 
rN K and has complex entries for the channel gains. Thus, every 

column of kH represents the single-input multiple-output (SIMO) channel between each 

BS and the k-th user. 

Figure 5-2 depicts the block diagram of the NCBF scheme. It is assumed that the 

systems operate in TDD mode in which the temporal variations of the channels are slow 

compared to the duration of the data frame [60]. Let kx and kn  denote the transmit 

symbol and the noise vector with variance 
2

k  of the k-th user, respectively. Let km  
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denote the transmit beamformer and kw  the receive combining vector at the k-th user. 

Then, the received signal at the k-th user can be expressed as: 

1,

K
H H H

k k k k k k k k l l l k k

l l k

y p x p x
 

  w H m w H m w n                       (5-1) 

where kp  is the allocated transmit power of the BS for the k-th user. In the case of 

coordinated beamforming strategies, the transmitter chooses km  such that the subspace 

spanned by its columns lies in the null space of  ( )H

k k l k w H , i.e. 0 ( )H

k k l l k  w H m  and 

1,k K . If the number of served users in every system is higher than one, then the 

computational complexity of the NCBF rapidly increases making the actual approach not 

suitable for real time communication. 
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Figure 5-2: Block diagram of NCBF 

 

The newly proposed NCBC scheme [66] represents a novel spectrum sharing method 

that decreases the complexity of NCBF by grouping the users in the given system based 

on the correlation of their channel matrices. This makes the NCBC scheme feasible for 

real time operation. According to NCBC, every BS has to calculate the correlation of the 

channel matrices among all of its users. If the correlation between them is higher than a 

predefined correlation threshold, then the users can be served with the same 

beamforming and receive combining coefficients, hence decreasing the computational 

complexity of NCBF. The correlation between two users can be computed as: 

 1corr k l F
                                                   (5-2) 

where k  denotes the diagonal matrix whose elements on the main diagonal are 

eigenvalues of the k-th user’s channel matrix kH , l  denotes the diagonal matrix whose 

elements on the main diagonal are eigenvalues of the l-th user’s channel matrix lH  and 

F
 denotes the Frobenius norm. If 1corr  , the users will be completely correlated, while 

for 0corr  , the users will be completely uncorrelated. Lower 
corr  value will result in 

lower system performance and higher inter-system interference. 

5.2.1.3 Results 

This sub-section gives an insight into the performance of NCBC in terms of Signal to 
Interference Ratio (SIR) and sum-rate vs. 

corr  and SNR, respectively. Additionally, it 

compares the performance of NCBC with a Frequency Division Spectrum Sharing (FDSS) 

technique that divides the available spectrum in equal frequency chunks between all 
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coexisting secondary CR systems. The performance comparison is conducted in terms of 

spectral efficiency (i.e. sum rate) and aggregate system capacity. To obtain relevant 

results, Monte Carlo simulations are carried out for all performance metrics. The channel 

model used in the simulation analysis is based on the Kronecker MIMO channel model for 

indoor environments [67] and its parameters are given in Table 5-1. For simplification of 

the simulation, it is assumed that all BSs use equal allocation of the transmit power for 

every user, hence denoting kp p . 

Table 5-1: Channel model parameters 

Channel Parameters 

Channel Type NLOS indoor 

Delay spread <100 ns 

Number of Paths 8 

Bandwidth 10MHz 

 

As previously elaborated, the correlation between the channel matrices of two users 

plays a crucial role of the NCBC performance. Fig. 5-3 depicts the SIR in dependence of 

corr  for different number of coexisting secondary CR systems. It is evident that the SIR 

ratio decreases as 
corr decreases, but even for low channel correlation the SIR level does 

not fall below – 5dB which is above the limits for modern day systems [68]. Based on 

the SIR behaviour of NCBC, it is obvious that multiple users can use the same 

beamforming coefficient even for low channel correlation. 
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Fig. 5-3: Signal to interference ratio in dependence of the channel correlation 

 

Another metric that depicts the performance of the NCBC in terms of the signal to 

interference noise ratio (SINR) is the sum-rate defined as: 

 
2

2
2

1,

log (1 )

1

H

k k k

s K
Hk
k l l

l l k

p
R

p
 

 






w H m

w H m

                                (5-3) 

It is clear from eq. (5-3) that the sum-rate mainly depends on the SINR value. For the 

case of high values of the SINR the achievable sum-rate will be higher in comparison to 
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the case of low SINR values. Fig. 5-4 depicts the sum-rate vs. SNR dependence for 

different channel correlations of the users and two coexisting secondary CR systems. It 

is evident that users with low channel correlation will experience lower system 

performance. The increment of the SNR affects only the sum-rate of the highly 

correlated users because of the low intra-system interference. For low channel 

correlation, the interference is higher than the noise power, thus the increase of the SNR 

does not affect the sum-rate performance. 

 

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

Signal to Noise Ratio [dB]

S
u
m

-r
a
te

 [
b
it
/s

/H
z
]

 

 

Channel Correlation 100%

Channel Correlation 90%

Channel Correlation 80%

Channel Correlation 70%

Channel Correlation 50%

Channel Correlation 30%

 
Fig. 5-4: Sum-rate in dependence of the SNR (K = 2) 

 

Fig. 5-5 shows the sum-rate in dependence on SNR for different channel correlations of 

the users and five coexisting secondary CR systems. Compared to the case in Fig. 5-4, 

the increased number of coexisting secondary CR system results in an increase of the 

sum-rate, due to the higher spatial diversity gain, but also increases the computational 

complexity of the method. 
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Fig. 5-5: Sum-rate in dependence of the SNR (K = 5) 

 

The proposed NCBC method is also compared to a simple and common FDSS method 

that divides the vacant spectrum to equal chunks of bandwidth between the coexisting 

secondary CR systems. In this manner, FDSS guarantees equal sharing between all 
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coexisting systems. Fig. 5-6 depicts the achieved aggregate system capacity vs. the SNR 

for both methods and two coexisting systems. It can be seen that NCBC outperforms 

FDSS even for low channel correlation if the SNR level is low. This is due to the fact that 

for low SNR level the interference does not play the key role in terms of the system 

performance. For high SNR, the main degradation in terms of the performance is due to 

the interference, thus the NCBC only outperforms FDSS for high channel correlation 

where the interference level is low. 
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Fig. 5-6: Aggregate system capacity in dependence of the SNR (K = 2) 

 

Fig. 5-7 depicts the aggregate system capacity of both methods in dependence on the 

SNR for five coexisting systems. In this case NCBC outperforms FDSS in every case due 

to its more efficient spectrum sharing approach. 
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Fig. 5-7: Aggregate system capacity in dependence of the SNR (K = 5) 

 

Fig. 5-8 shows the performance of both methods for the sum-rate in dependence on the 

number of coexisting secondary CR systems for SNR of 10dB. NCBC outperforms FDSS 

for any case and the performance gain increases as the number of coexisting system 

increases. This stems from the fact that the spectral efficiency of every coordinated 

beamforming scheme depends on the number of transmit and receive antennas. In the 
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case of NCBC, the number of antennas is mapped onto the number of BSs, i.e. number 

of coexisting systems K. 
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Fig. 5-8: Sum-rate in dependence of the number of coexisting secondary CR systems 

 

Fig. 5-9 depicts the aggregate system capacity in dependence on the number of 

coexisting secondary CR systems for both methods (i.e. NCBC and FDSS). The results 

are obtained for SNR of 10dB. It is obvious again that NCBC is more efficient than FDSS 

for any channel correlation and number of coexisting CR systems. When using NCBC, the 

aggregate system capacity increases as the number of the coexisting systems increases, 

because of its efficient spectrum sharing capabilities. For FDSS, the system capacity 

decreases because the method splits the available band to every coexisting system 

resulting in decreased system capacity. 
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Fig. 5-9: Aggregate system capacity in dependence of the number of coexisting 

secondary CR systems 
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The NCBC method is purely theoretical, interweave based, cooperative spectrum sharing 

strategy that is not using any primary users' protection criteria. Instead, it tries to 

analyze the potential benefits of lower complexity NCBF for practical deployments 

without looking into the possible aggregate interference problem for the primary users. 

This limits its practical deployment and further analysis would be needed to 

accommodate the strategy to a real-world secondary access problem incorporating the 

primary users' protection criteria in more specific details. Nevertheless, the NCBC 

method clearly shows that the combination of NCBF with UC may provide increased 

benefits for multiple cooperating secondary systems (increased sum-rate and aggregate 

system capacity). The degree of the increase for practical deployments depends on the 

primary users' protection criteria. 

5.2.2 Combined power/channel allocation method for efficient spectrum 

sharing in TV white space scenario 

One of the possible scenarios for secondary spectrum access is the usage of TV white 

spaces for WiFi-like secondary transmissions. The traditional approach of uncoordinated 

user/APs deployment in classical WiFi scenarios would pose some additional interference 

mitigation challenges in a secondary WiFi-like sharing scenario within TV white spaces. 

Therefore, the solution would necessitate efficient spectrum sharing strategies in order 

to provide protection from excessive interference and simultaneously enable efficient 

coexistence for the secondary systems/users. 

This section addresses the problem of joint power and channel allocation in a spectrum 

sharing scenario for WiFi-like secondary users in TV white spaces in order to increase the 

performance of the spectrum sharing. The goal is to maximize the number of supported 

secondary users while jointly optimizing the power and channel allocation and enabling 

protection for the primary system [69]. Due to the high complexity in obtaining optimal 

power/channel allocation strategies, the problem is solved utilizing a suboptimal 

algorithm based on the NBS game theoretic approach.  

5.2.2.1 Scenario description 

The targeted scenario for the spectrum sharing strategy of interest here envisions 

multiple uniformly distributed Secondary Access Points (SAPs) and multiple Secondary 

Users (SUs) connected to the SAPs operating in TV white spaces (Fig. 5-10). Every SAP 

obtains channel availability information from a predefined database by querying it with 

its location coordinates. SAPs are assumed to be equipped with geo-location devices that 

enable them to retrieve information on spectrum availability from a centralized database 

hosting information on spectrum opportunity.  

The subsequent performance analysis assumes that the database contains data on the 

available TV channels in Macedonia [70] applying ECC rules for primary TV system 

protection. This approach is taken from QUASAR's WP5 clearly showing the potentials for 

practical deployment of the targeted scenario. The targeted area is 20 x 20 pixels, where 

each pixel represents 120 x 120 m of the real terrain. The location is chosen near the 

capital of Skopje for a suburban area. The database, based on the the coordinates of the 

uniformly distributed generated SAPs, supplies information on the available 8 MHz TV 

channels and a map of permitted secondary systems' transmitting power at every pixel. 

The sharing strategy then implements transmitting power optimization for every SAP 

based on the conditions for SUs maximization. 

Uncoordinated user deployment of SAPs in a WiFi-like scenario would result in multiple 

secondary systems transmission areas and frequencies overlap. Moreover, the joint 

optimization of every SAP’s transmitting power and channel resources in the same time 

can be a highly complex problem. A proposed solution would have to introduce a rational 

balancing between the power and the channel allocation methods for the SUs, which is 

the target for the subsequently formulated problem. 
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Fig. 5-10: WiFi-like in TV white spaces scenario description 

 

5.2.2.2 Problem formulation 

Because of the overlapping transmission areas, some SUs can be highly interfered by 

neighbouring SAPs. The fact that certain SUs will be able to “hear” different SAPs will be 

used to introduce cooperation between SAPs. These SUs are chosen as relay SUs that 

will be used from neighbouring/overlapping SAPs for exchanging information on 

transmission power, available spectrum TV channels and number of connected SUs at 

every SAP. 

The power received by every user is calculated using the Hata model, i.e.: 

)(log))(log9.44(97.4)))75.11(((log2.3)(log82.13)(log16.2655.69 1010

2

101010 ijbmbij dhhhfPL 

 
   (5-4) 

where f is the central transmitting frequency, dij is the distance between SUi and SAPj, hb 

is the SAP height and hm is the SU height. SAPs are characterized with transmission and 

interference area. Suppose SAPj transmits with a power of pj and its transmission range 

is RTj(p). The condition for successful transmission would be PLij pj > α, where α is the 

receiver sensitivity threshold. The received signal should be above the receiver 

sensitivity threshold in order to allow the SU and the SAP to establish a successful 

connection. Therefore, the transmission range of transmitting SAPj is: 

and the interference range is: 



jij

I

pPL
pR

j
)(  (5-6) 

where interference power is assumed negligible only if it exceeds a threshold β at a 

receiver. The interference range is higher than the transmission range RI(p) > RT(p), 

since β < α [71]. 

Based on the interference conditions at every SU, there may be three different types of 

SUs, i.e.:    



jij

Tj

pPL
pR )(  (5-5) 
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 Supported SUs - physically in the transmission range of one SAP and not 

interfered from other SAPs.  

 Interfered SUs - in the transmitting range of one or more SAPs or transmitting 

range of one SAP and interference range from one or more SAPs.  

 Out of range SUs - outside of every SAPs' transmitting range.  

The problem of spectrum sharing now becomes a problem of maximizing the number of 

supported SUs while enabling primary user protection from excessive interference. The 

spectrum sharing strategy uses a Nash Bargaining Solution (NBS) cooperative approach 

to achieve the optimum solution [72]. The result of the cooperative game is that each 

participant increases its profit or at least one participant increases, while the profits of 

the others do not decrease. Consequently, the cooperative game can increase the profit 

of the whole system. In other words, it can achieve Pareto optimum. 

5.2.2.3 Proposed spectrum sharing strategy 

The spectrum sharing strategy is formulated and observed as a cooperative game where 

players bargain on their power transmission levels. In the beginning of the game, every 

SU associates to only one SAP and every SU chooses to associate to the SAP whose 

received signal power is highest at that moment. The SUs that are in transmission range 

of two or more overlapping SAPs are candidate relay SUs envisioned to be able to 

connect to more than one SAP. The spectrum sharing strategy itself adopts two separate 

approaches, i.e.: 

 Power Allocation Algorithm (PAA) and  

 Combined Channel and Power Allocation Algorithm (CCPAA). 

In the PAA approach, the cooperating SAPs bargain on their transmission powers in 

order to maximize the number of supported SUs, while guaranteeing that the SAPs’ 

transmission powers will not overcome the permitted transmission power retrieved from 

the database for the targeted real terrain.  

The CCPAA approach stems from the PAA additionally introducing a channel allocation 

among the SAPs. Namely, throughout the game in the PAA method, there can be a 

situation where the transmission areas of two SAPs overlap in more than 40%. This 

proves to be inefficient as the power optimization solely would require that the 

overlapping SAPs decrease their transmission powers leading to increasing the number 

of out of range SUs. Therefore, the CCPAA method finds the highly overlapping SAPs in 

the system prior to the beginning of the bargaining game between the players. Then, all 

SAPs that satisfy the overlapping condition (defined as minimum 40%) will undergo a 

channel allocation procedure that allocates proportional amount of available spectrum 

according to the number of connected SUs at each of the overlapping SAPs.  

The proposed spectrum sharing strategy may operate in two distinct cooperation modes:  

 Cooperation mode I envisions that cooperative groups are formed from 

overlapped first neighbours only. This means that the power optimization is 

performed only for smaller groups of overlapping SAPs.  

 Cooperation mode II includes a wider group of overlapping SAPs in the 

cooperation, not only the closest neighbours. This means that the power 

optimization is performed for larger groups of cooperative SAPs.   

The bargaining game assumes N players, which are the SAPs in this scenario. Let S 

denote the set of possible joint strategies or states, d represents the agreement to 

disagree and solve the problem competitively and U is the multiuser function where 
NRdSU  }{: . The NBS sets a function that assigns a pair of )},{( UdS   and the 

corresponding solution is obtained by maximizing the Nash function [72] over all 

possible states:   
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The disagreement point for all users is defined as: 
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(5-9) 

After formulating the problem, the following subsection will provide insight into the 

actual behaviour of the proposed spectrum sharing strategy and its possibilities for 

practical deployments.    

5.2.2.4 Simulation results 

The performance evaluation of the proposed spectrum sharing strategy for WiFi-like 

secondary usage of TV white spaces focuses on the benefits of using joint power and 

channel allocation vs. plain power allocation when performing spectrum sharing in the 

targeted scenario. The scenario setup parameters are given in Table 5-2. The simulation 

analysis is conducted with SAPs ranging from 5 to 25 and SUs number from 20 to 180 

randomly distributed in an area of 2400 x 2400 m. The transmitting power is set to 100 

mW at the beginning. The available channels are distributed to the SAPs according to the 

information for available 8 Mhz TV channels from the centralized database. The number 

of available channels ranges from 1 to 5 available channels per pixel in the chosen 

terrain. The simulations are conducted for the PAA and CCPAA approaches, respectively. 

   

Table 5-2. Simulation parameters 

No. of SAPs No. of SUs 
Rx. Sensitivity 
threshold (α) 

Interference 
threshold (β) 

Simulation area 

5 to 25 20 to 180 -85 dBm - 93 dBm 2400 x 2400 m 

 

Fig. 5-11 depicts the performance of the PAA approach in terms of average increase of 

the number of supported SUs for different number of SAPs and different number of SUs. 

It is clear that the algorithm achieves peak values for 20 SAPs and 60 SUs in the specific 

simulated system. Higher values of SAPs and SUs lead to decrease of the performances. 

The PAA approach underperforms for lower number of SAPs (negative values for the 

increase in number of supported SUs when SAPs = 5). Namely, when the number of 

SAPs is lower, it is expected that they will rarely overlap in the scenario. As the primary 

system protection mechanism yields lower transmission power for every SAP, this would 

result in many coverage gaps in the targeted scenario leaving many SUs out of range.     
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Fig. 5-11: Average number of increased supported SUs for different number of SAPs and 

SUs for the PAA method 

 

Fig. 5-12 evaluates the CCPAA algorithm. It is evident that CCPAA outperforms PAA 

providing constant performance increase for higher number of SAPs (>=15). Also, 

compared to PAA, the CCPAA approach provides better performances for lower number 

of SAPs (smaller decrease of number of supported SUs for SAP = 5). 
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Fig. 5-12: Average number of increased supported SUs for different number of SAPs and 

SUs for the CCPAA method 

 

Fig 5-13 depicts the effect of the different cooperation modes in the spectrum sharing 

strategy. The figure shows the relative ratio of Cooperation mode II vs. Cooperation 

mode I implemented in the PAA and CCPAA approaches. It is clear that the increased 

cooperation shows better performances for the PAA approach. This effectively leads to a 

conclusion that higher cooperation level among secondary systems can provide increased 

number of supported SUs. 
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Fig. 5-13: Relative ratio of Cooperation mode II vs. Cooperation mode I implemented in 

the PAA and CCPAA approaches 

 

This subsection introduced a spectrum sharing strategy that allows multiple cooperative 

secondary systems to efficiently and reliably share available spectrum. The targeted 

scenario and the subsequent analysis rely on a practically envisioned scenario stemming 

from WP5 work.  

5.3 Concluding remarks  

Spectrum sharing strategies are important aspects of secondary spectrum access 

enabling coexistence among primary and secondary systems. They must provide efficient 

and reliable secondary spectrum usage by multiple secondary systems without violating 

the primary users. Therefore, the QUASAR project targets spectrum sharing strategies 

that rely on database based spectrum opportunity detection which fosters aggregate 

interference management in the most efficient manner.  

This section introduced and analyzed the benefits of using cooperation among multiple 

secondary systems when performing spectrum sharing. The cooperation allows multiple 

secondary systems to effectively share and use the available spectrum without 

jeopardizing the primary system. The proposed methods specifically target and fit within 

the QUASAR objectives.  

The presented NCBC strategy decreases the computational complexity of NCBF making it 

suitable for real time spectrum sharing. The results show that even for low channel 

correlation the system performance satisfies the minimal requirements for modern 

communication systems. It is a theoretical model aimed at showing the benefits of NCBF 

with lower complexity and its practical deployment would require further analysis 

regarding the primary users' protection criteria. The proposed spectrum sharing strategy 

for multiple WiFi-like secondary users coexisting in TVWS uses NBS and effectively 

combines power and channel allocation to increase the number of supported secondary 

users. The strategy achieves increase in the number of supported SUs, while at the same 

time provides primary system protection from excessive interference. Low number of 

secondary access points results in poor sharing performance because of the primary 

system protection criteria forcing the secondary access points to limit their transmission 

power (limited coverage). The combination of power and channel allocation provides 

higher increase in the number of supported SUs than the usage of power allocation only. 

The effect of the cooperation is more emphasized in the cases when only power 

allocation is applied in the spectrum sharing scheme. It shows that the effect of 

cooperation can overcome the benefits of the combined power and channel allocation. 

 



QUASAR  Deliverable: D4.2 

(ICT-248303)  Date: 31.03.2012 

QUASAR PUBLIC DISTRIBUTION Page 84 of 91 

© QUASAR and the authors 

6 Conclusions 

We consider cognitive radio networks where more than one secondary user (or 

secondary system) intends to operate in the spectrum band owned by the primary 

system. Since the aggregated interference from the secondary users is the bottleneck for 

secondary communication, estimating it and controlling it to an acceptably low level is of 

crucial importance for the secondary users to efficiently share the available opportunity. 

In this deliverable, we study the impact of allowing the multiple secondary users to 

interact with each other on potential interference reduction and performance 

enhancement. We have the following observations. 

1) Due to the nature of wireless communications, the performance of the secondary 

system is in general severely affected by the fading phenomenon. Thus to 

guarantee a certain QoS, a large secondary transmit power might be demanded. 

Such a requirement leads to high interference to the primary system. 

Alternatively, to limit the interference below a certain level, satisfactory 

secondary communications may not be achievable. However, this issue can be 

effectively addressed by considering the concept of cooperative communications 

among secondary users, i.e. permitting certain secondary users to serve as relays 

for other secondary users to combat the negative impact of fading. In Chapter 2 

we proposed two secondary relaying strategies and showed their throughput and 

error performance improvement over systems without considering user 

cooperation. 

2) To protect primary system, the total aggregated interference from multiple 

secondary users is required to be kept below certain specified level. If only the 

probability distribution of the interference is available, normally the maximally 

allowed aggregated interference is set to a much lower level, i.e. to introduce an 

additional fixed margin. Such a fixed margin does not take into account the 

number and locations of secondary users and is decided using worst case 

assumptions. This requirement leads to a large margin and an overly constrained 

secondary transmit power allocation. In Chapter 3 we proposed an adaptive 

power allocation strategy to improve the situation. The strategy jointly assigns 

powers to multiple secondary users. As a result, the margin of the interference 

threshold can be adaptively tuned according to the actual environment. A better 

secondary system performance, over what can be achieved with the worst case 

assumptions, can thus be attained.        

3) The spectrum sensing process’ inability of deriving needed reliability for practical 

deployments leads to the databases being a preferred approach by the regulatory 

bodies in static environments (e.g. TVWS). However, the process of spectrum 

sensing may prove vital for accurate and up-to-date databases population 

especially or fast and efficient spectrum vacancy evaluation in more dynamic 

environments (e.g. protection of unregistered PMSE devices, etc.). Therefore, 

highly reliable spectrum sensing process can still serve as a solid complementary 

(not competitive) approach to databases. Compared with single-band spectrum 

sensing, multi-band spectrum sensing approaches can significantly increase the 

opportunity detection probability, especially when sensing decision can be 

reached through cooperation among multiple secondary users. In Chapter 4 we 

introduced and analyzed four cooperative multi-band spectrum sensing schemes. 

The cooperation among the secondary users effectively yields improved 

opportunistic throughput, higher energy efficiency, robustness, increased 

sensitivity etc. 

4) Spectrum sharing among secondary users is another crucial aspect of CR 

networks with multiple secondary users. Without a proper sharing strategy, the 

coexistence of multiple secondary users in the vacant spectrum would in fact 

result in poor spectrum utilization. The spectrum sharing efficiency can be 

improved by conducting cooperative communications among different secondary 



QUASAR  Deliverable: D4.2 

(ICT-248303)  Date: 31.03.2012 

QUASAR PUBLIC DISTRIBUTION Page 85 of 91 

© QUASAR and the authors 

users: users with sufficient available spectrum bands can act as bridges (relays) 

for other users’ communications. In addition, different users may exchange data 

on interference measurements or other relevant parameters, which are then used 

in the sharing process. In Chapter 5 we proposed two such cooperative sharing 

strategies (with database based spectrum opportunity detection). In both cases 

the cooperation yields improved system performances in terms of high resources 

utilization and reliable primary users' protection. 

Certainly requiring different users to interact with each other may demand high system 

complexity in terms of sophisticated design of transmission, signalling, and scheduling 

etc. However, the results we provided in this deliverable (although they may require 

extra channel knowledge, high sensing time, or high energy consumption due to 

sensing) explicitly demonstrate the substantial performance gain that can be achieved 

via user cooperation. Thus we conclude that seeking secondary-user cooperation can 

serve as a promising solution to reduce interference and improve performance in next-

generation CR systems. The strategies proposed and analyzed in this deliverable would 

pave the way for further research on approaches to realizing more efficient and reliable 

cooperation among secondary users or systems. 
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Appendix A  

A.1 Proof of Theorem 2-1 

First, we rewrite problem (2-4) in epigraph form 




 







K

i

iiK

KK

Ph

Cth

Cth

t

1

1

11

0

0s.t.

min



 ,                                (A-1) 

We now show that for the optimization problem (A-1) strong duality holds and therefore, 

primal and dual optimal variables must satisfy the KKT conditions [73]. To do so, we 

show that (A-1) satisfies the linear independent constraint qualification (LICQ) conditions 

[74] and hence, the duality gap of this problem is zero. 

Constraints , 1, , 1i jh K   of problem (A-1) are said to satisfy the LICQ conditions if 
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Since , , ,i jg i j  are positive, non-zero with high probability and i.i.d., 
2  and , ,iP i j  

are strictly positive, then ,i jA  and ,i jB  are also independent and strictly positive with 

high probability. 
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Therefore, for a set of optimal powers (P*
1 , ..., P*

K) matrix hD  in (A-2) has full rank 

with high probability and hence, the LICQ conditions are satisfied. Thus, the KKT 

conditions are necessary conditions for a solution to be optimal. 

We next show that the KKT conditions for (A-1) have a unique feasible solution only 

when all link capacities are equal and then maximized, such that ASI constraint (2-3) is 

met with equality. 

The Lagrangian for (A-1) can be written as 
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From (A-5) we can write down the KKT conditions for a solution to be optimal 
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Taking partial derivatives from (A-5) we get the optimality conditions (A-6) and (A-7) of 

form 

0
1

,, 








b

f

Li

Lij

jjiiiii

i

BA
P

L
 ,    (A-12) 







 K

i

i
t

L

1

01  ,     (A-13) 

where Ai,i and Bi,j are the same as in (A-3) and (A-4) respectively. 

We have only one negative component in each of the K equations (A-12) and hence, all 

i ’s have to be strictly positive in order to satisfy i
P

L

i





,0 . Otherwise, any 0i   will 

immediately lead to 0,i j i     and hence, (A-13) will not be satisfied. 

Finally, if 0  , we will get a linear system of equations 

  0λDM  hKK 1,1 ,     (A-14) 

where  , ,
T

i K λ ,  1, 1K K h M D  is the minor sub-matrix to the entry  1, 1K K   

of matrix Dh in (A-2). Since hD  has full column rank, the system (A-14) has a single 

trivial solution λ 0  which does not satisfy (A-13) and hence is not feasible. 

All this leads us to the conclusion that the KKT conditions have a unique optimal solution 

corresponding to KCC 1  and  


K

i iiP1
 . Thus, the end-to-end throughput of a 
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tandem network with the ASI constraint (2-3) is maximized if and only if all the link 

capacities are equal and constraint (2-3) is satisfied with equality. 

A.2 Proof in Section 4 

CMSS with EGC optimization problem:  
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Lemma 4-1: The minimal number of cooperative nodes and minimal sensing time that 

satisfy the first constraint function maximize the objective function. 

Proof of Lemma 4-1: If 
*

i and 
*N are the minimal sensing time and the number of 

cooperating nodes, chosen so that 
')( iPd , (i.e.
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iiii NONO   , because the terms in the 

objective function with minus sign reduce the throughput. The last statement clearly 

shows that 
*

i and 
*N  maximize the objective function. Based on this, the minimal i  

and N that satisfy the detection probability maximize the throughput.  

Lemma 4-2: The second constraint function maximizes the detection probability when 

equality is achieved. 

Proof of Lemma 4-2: If
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