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Abstract 
The ability to discover spectrum availabilities is the key requirement for the 
implementation of cognitive radio systems. According to our definition in the previous 
report D2.2, we call a spectrum availability that can be discovered and accessed 
spectrum opportunity.  

In this report we investigate how various types of cooperation change the chance of 
experiencing a spectrum opportunity. We assess this problem from a theoretical point 
of view; and we consider different specific scenarios containing different types of 
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cooperation.  

Cooperation increases the region of spectrum opportunity in all cases under 
consideration. Hence, our work suggests that cooperation is suitable to increase the 
performance of cognitive radio systems significantly. 

Keywords List 
Spectrum opportunity, cooperation, cognitive interference channel, AWGN channel 
model, achievable rate region, secondary relaying, TV black space, TV white space, 
cellular network, frequency reuse, slotted ALOHA protocol, database-driven cognitive 
radio, over registration, under registration 
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Executive Summary 

Cognitive radio is a fascinating paradigm that has the potential to increase today’s data 
rates significantly. However, the implementation faces a number of practical difficulties. 
The most basic requirement of the cognitive system is the ability to find out when the 
overall situation permits secondary transmission, that is, to discover spectrum 
opportunities. 

The controversial term “spectrum opportunity” has been discussed and defined in the 
QUASAR reports R2.1 and D2.2. In general, it is the whole system that determines if a 
spectrum opportunity exists. Hence, finding an opportunity is a complex task that 
depends on the scenario under consideration. In this report we investigate how spectrum 
opportunities and their discovery change with cooperation.  

Cognitive systems offer a variety of cooperation possibilities within the secondary system 
and between the primary and the secondary system. In the first step we employ an 
information theoretic framework to assess how cooperation changes the region of 
transmission opportunities. We base our work on a deterministic channel model that is 
capable of approximating the AWGN channel model. We use the former model to find 
achievable rate regions for the latter model. If primary and secondary systems 
cooperate, the region of achievable rates is greatly increased, because the systems 
share a sum-rate that is strictly larger than the individual non-cooperative rate of the 
secondary system. The analysis indicates that the rate of the secondary system can be 
close to the system’s single-user rate. 

In the second step, we consider two scenarios based on cooperation among multiple 
secondary systems and their cooperation with the primary system. In our first scenario 
there exists a secondary cellular system that relays the signal of a primary TV system. 
We assume that the rate of the primary system is constant. The rate of the secondary 
system is maximized by splitting the transmission into two parts. The parts are used to 
relay the TV signal and to transmit the own secondary signal, respectively. In our work 
we consider a square region that contains the circular region of TV coverage area. The 
secondary cells are distributed over the square region; hence, there are black space 
(BSp) cells within the TV coverage area and white space (WSp) cells outside of the 
coverage area. We optimize the split of the transmission power under the objective of 
maximizing the sum-rate of the whole secondary system. 

As the result of the optimization, the secondary cells within the TV coverage area should 
sacrifice nearly all their transmission power for relaying the TV signal. The loss of 
secondary rate is compensated by the higher rate of the secondary cells outside the 
coverage area. The transmitters in those cells can use a high transmit power due to the 
higher interference tolerance of the TV system. We can derive the following desing rule 
from our results: When maximizing the sum-rate of the secondary system, it is beneficial 
if the secondary cells in the TV coverage area relay the TV signal only. 

The second scenario consists of a conventional cellular network with frequency 
separation of adjacent cells. Multiple cognitive systems can utilize the unused frequency 
sub-bands. We determine how the rate of primary systems can be increased if the 
secondary systems relay data packets for the primary system. The secondary nodes can 
receive and forward the primary packets as well as transmit their own generated 
packets, accessing the channels based on slotted ALOHA. The packet delay depends on 
the number of secondary nodes, because the probability of successful transmission 
decreases with increasing number of nodes. However, if the number of secondary nodes 
is low, the channel is not used efficiently. By analysing the system numerically, we find 
that there is an optimal number of secondary nodes. 

Finally, we consider a database driven approach to opportunity discovery. Using a 
database to manage spectrum opportunities in a system-wide way is a promising 
strategy for practical implementations. We discuss the requirements on the database, 
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and we investigate how severely the spectrum opportunities decrease if the database 
lists too many or too few primary systems. From the simulation results we find that 
accurate registration is required for detecting white space and avoiding harmful 
interference to primary users (PU). Furthermore, we find that PUs with long transmission 
range suffer more from loss of WSp and collision due to false registration than PUs with 
short transmission range.  

Overall, our results explicitely show that cooperation increases the chance of discovering 
a spectrum opportunity in all scenarios under consideration. The gain indicated by the 
information theoretic analysis can be confirmend by our detailed analysis of specific 
cases. 
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1 Introduction 
One important application of cognitive radio paradigm introduced in [1] is aimed at 
utilizing the available spectrum more efficiently. Today there is a large amount of 
spectrum assigned to specific systems, which is not used by the systems at all times and 
in all locations. This is a problem, since spectrum is a scarce and expensive resource, 
especially in frequency bands that have favourable propagation properties. The problem 
could be solved in two ways. Firstly, national and international regulators can assign the 
spectrum more efficiently. This goal is difficult to achieve, since it is mostly impossible to 
reclaim spectrum that has been assigned previously. Hence, this approach is mainly 
applicable in future spectrum assignments. Secondly, regulatory rules can be softened in 
the sense that spectrum is not assigned to one system exclusively. Instead, a single or 
multiple secondary systems could be allowed, provided that the primary system is not 
interfered. This is the core idea of cognitive radio. The advantages of this approach are 
obvious. No spectrum has to be redeemed; instead, the new cognitive system can 
operate besides the legacy system. Furthermore, the secondary system can be designed 
sufficiently flexible to operate in the spectrum of different legacy systems. 

However, the practical implementation of cognitive radio faces difficult challenges. In 
order not to disturb the primary system, it is crucial to determine whether the primary 
system is temporally and spatially present. This does not only concern the transmitters 
that can be located based on their radiation, but also the receivers that are more difficult 
to detect. Furthermore, if the primary system is present, the secondary system has to 
determine how to protect it from performance degradation. This information is gathered 
in order to detect a spectrum opportunity, that is, under which circumstances the 
secondary system can operate in the spectrum. 

The definition of spectrum opportunity given in the QUASAR report D2.2 accounts not 
only for obeying the regulatory rules, but also for the question whether the spectrum 
availability can be discovered and assessed. The report examines the estimation of 
spectrum opportunities and proposes a general framework for computing the amount of 
assessable spectrum. 

In this report we extend the previous work by considering cooperative schemes. In 
general, cooperative communication is an attractive way of increasing transmission rates 
in multi-terminal channels. Though the potential of cooperation is not fully understood in 
many scenarios, it is simple to see that it outperforms non-cooperative schemes. 

In cognitive radio there exists a multitude of cooperation possibilities. One approach has 
already been studied in the previous report D2.2, namely the overlay paradigm. The 
secondary transmitter relays the primary message to increase the primary performance. 
In exchange, the primary system can typically tolerate higher interference from the 
secondary transmission. This is in some sense a one-way cooperation that involves only 
the secondary system. 

In a second step, the primary system can cooperate as well to possibly increase the 
performance of both systems. This approach broadens the definition of cognitive radio, 
since the primary system needs to be aware of the secondary system to interact as well. 
Furthermore, cooperation is possible among several secondary systems, or among a 
secondary system that consists of multiple transmitters or multiple receivers. 

Different aspects of cooperation are considered in this report. We first explore the 
problem from an information theoretic perspective. By considering a simplified 
deterministic channel model we find achievable rate regions that are approximations of 
the corresponding achievable rate regions in the additive white Gaussian noise (AWGN) 
channel. We determine how cooperation between primary and secondary system 
increases the regions of spectrum opportunities in a general cognitive radio scenario. 

Secondly, we investigate spectrum opportunities of secondary relaying. Relaying the 
primary transmit signal to the primary receivers is known as overlay. It is one of the 
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fundamental strategies in cognitive radio. We analyze two specific scenarios based on 
operating multiple secondary systems in the vincinity of a single primary system. In the 
first scenario we consider a situation, where the primary system is a TV broadcast setup 
with a single TV transmitter and a number of TV receivers located in a circular coverage 
area. The strategy that maximizes the sum rate of secondary systems relies heavily on 
cooperation. The secondary systems in the coverage area sacrifice their individual rate in 
favor of relaying the primary system in order to improve the rate of the secondary 
systems outside the coverage area. In the second scenario we consider a cellular 
system, where adjacent cells operate in different sub-frequency bands. The unused 
bands can be utilized by secondary systems. We compare non-cooperative coexistence 
scheme to a cooperative scheme based on relaying primary messages. Our packet-level 
analysis reveals that the cooperative scheme has both higher rate and lower delay than 
the coexistence scheme. 

In the last part of this report we explore a database-driven approach to opportunity 
discovery. Databases that manage information about available white spaces are a 
practical way to discover transmission opportunities. We discuss the requirements on a 
feasible database, and analyze the impact of over registration and under registration of 
the primary users to the database. 

The report is structured as follows. In Chapter 2 we define the AWGN model of the 
cognitive radio channel and analyze the region of spectrum opportunities theoretically. In 
Chapter 3 we consider two scenarios based on secondary relaying. Chapter 4 deals with 
the database approach to opportunity discovery, and Chapter 5 concludes the report. 
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2 Information Theoretic View on Transmission 
Opportunities 
 

2.1 Introduction 
In this chapter we investigate transmission opportunities from an information theoretic 
point of view. At this point we assume that both primary and secondary system are 
trying to transmit information at all times. In particular we do not consider sparse usage 
of time or frequency domain by the primary system, which would allow interweaved 
transmission. Hence, whether we experience a transmission opportunity or not depends 
solely on the channel parameters, that is, in our case on the complex channel gains. We 
find conditions for the channel gains under which transmission is possible. The conditions 
depend on whether the secondary system has knowledge of the primary transmit signal 
(cognition). They also depend on whether the primary system is willing to cooperate. 

The cognitive radio scenario is depicted in Figure 2-1. It consists of a primary pair of 

transmitter and receiver, denoted as 
 
Tp  and  

Rp , respectively, as well as a single 

secondary pair denoted as  Ts  and  Rs . We use the complex-valued additive white 
Gaussian noise (AWGN) channel model, 

  

yp = hppxp + hspxs + zp ,

ys = hpsxp + hssxs + zs .
 (2-1) 

The noise terms zp  and zs  are zero-mean unit-variance complex Gaussian, and both 

primary and secondary transmitter have a normalized power constraint of 
E{ | xp |

2} = E{ | xs |
2} = 1 . 

We assume that the channel gains are constant and known to both transmitters and both 
receivers.  

The central question in this scenario is: At what rates can the two transmitters send 
information to their respective receivers? We say that a rate pair ( Rp , Rs ) is achievable if 

transmission at these rates is possible with vanishing probability of error. A precise 
definition of achievability can be found in e.g. [2]. Typically, we can achieve a variety of 
rate pairs, and we call the closure of the set of those pairs the capacity region. 

The scenario described by (2-1) without any additional assumptions related to cognitive 
radio is called the interference channel (IFC). This channel was first studied by Shannon 
[3] (see [4] for a literature survey). However, the capacity region is known only for 
some special cases. The largest region of achievable rates is due to Han and Kobayashi 
[5]. For the IFC in the AWGN model the capacity region has been characterized within 
one bit [6], however, the formulation of the bounds is complicated and offers little 
insight. 

Figure  2-‐‑1:  Interference  Channel  
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In the cognitive radio scenario it can be reasonable to assume that the secondary 
system has some knowledge of the primary system. For instance, the secondary 
transmitter could gain knowledge of the transmit signal xs  of the primary transmitter 
through a wired connection [7]. This channel is referred to as the cognitive interference 
channel (CIFC). The first study of the CIFC from an information-theoretic point-of-view 
was performed in [8]. Again, the capacity region of the CIFC is known only in special 
cases such as weak interference [9] and very strong interference [10]. Several 
achievable rate regions have been found (see [8], [11] and references therein). 
However, the formulation of the regions is difficult. For the CIFC in the AWGN model, the 
rate regions can be computed numerically, but this can involve optimization within a 
multi-dimensional parameter space. 

A recent idea is to approximate the capacity region [12], [6]. If the approximation is 
sufficiently close, it can give valuable insights in the problem. A common approximation 
is finding the capacity within a constant additive gap. Since the gap becomes relatively 
small in the regime of large channel gains, that is, large signal-to-noise ratio (SNR), the 
constant gap approximation is tight in this regime. 

One way of finding constant gap approximations is through an alternative deterministic 
channel model [13]. We are interested in a model that has two properties: Firstly, the 
capacity region in the alternative model should be possible to find. Deterministic models 
attracted most attention, since they greatly simplify analysis. Secondly, the capacity 
region of the deterministic model should be within a constant gap to the capacity region 
of the AWGN model. If both properties hold, we can find our desired approximation by 
finding the capacity region in the deterministic model. 

In this work we specifically consider the discrete superposition model (DSM) proposed by 
Anand and Kumar [14]. It has been shown that its capacity approximates the AWGN 
capacity to within a constant gap for the two important topologies of relay networks and 
IFC. Hence, the capacity region of the IFC in the DSM yields an approximation of the 
respective IFC in the AWGN model. 

We are mostly interested in the IFC under assumptions motivated by the cognitive radio 
situation. We analyze four different situations characterized by the existence or absence 
of cognition and cooperation. 

Cognition refers to a secondary system that knows the transmit signal xp  of the primary 

transmitter. We analyze both cognition at the secondary transmitter and the secondary 
receiver. Knowledge of the primary transmit signal is a reasonable assumption if the 
primary transmitter is connected to the secondary transmitter or receiver by a wired 
backbone that has a very high capacity. This might be the case if the primary system is 
a digital TV broadcast system. The secondary system could be a cellular system with 
base stations connected to the TV transmitter. The base station acts as secondary 
transmitter and receiver in the down-link and up-link phase, respectively. 

Cooperation refers to a primary system that is not completely selfish, and is willing to 
sacrifice some of its rate to increase the rate of the secondary system. One simple way 
of doing this would be to allow the secondary system to use the channel alone for some 
fraction of time α ≤1 . Different α  result in different rate pairs (Rp,Rs ) . We will study 

some additional means of cooperation between the systems. 

2.2 Preliminaries 
In this section we introduce the details of the DSM, and we state the constant gap 
theorem that links the capacity region of the IFC in the AWGN model to the capacity 
region of the corresponding IFC in the DSM. 

Define the rounding operation 
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[a]= sgn(aRe ) | aRe |⎢⎣ ⎥⎦ + j sgn(aIm ) | aIm |⎢⎣ ⎥⎦,  (2-2) 

which maps a complex value a  to a complex integer. The indices Re  and Im  denote 
real and imaginary parts, and both parts of a  are rounded towards the next integer with 
smaller absolute value. Consider a node j  that receives transmissions from nodes 

 i ∈C( j)  that are connected to the node j . In the DSM the received signal at node j  is 

 
yj = [hij ]xi⎡⎣ ⎤⎦

i∈C ( j )

N

∑ .  (2-3) 

Hence, the corresponding model of the IFC (2-1) is  

yp = [hpp ]xp⎡⎣ ⎤⎦ + [hsp ]xs⎡⎣ ⎤⎦,

ys = [hps ]xp⎡⎣ ⎤⎦ + [hss ]xs⎡⎣ ⎤⎦.
 (2-4) 

Furthermore, the model defines the set of possible channel inputs xi . Let 

n = maxi, jmax log | hijRe |⎢⎣ ⎥⎦, log | hijIm |⎢⎣ ⎥⎦{ },  (2-5) 

where the outer maximization is over all connections in the network, that is, n  is a 
global value defined by the maximum channel gain. In this report all logarithms are to 
the base 2. 

Both real and imaginary parts of xi  can only take values from the set  

  
D = 0, 2

−n

2
, 2 ⋅2

−n

2
, 3⋅2

−n

2
,…,1− 2

−n

2
⎧
⎨
⎩

⎫
⎬
⎭

 (2-6) 

of 2n  equidistant values, 

 xi ∈D + jD.  (2-7) 

The motivation for studying the capacity of the DSM is the following theorem [15]. 

 

Theorem 1 ([15] Theorem 4.2) 

The capacity regions of the IFC in the AWGN and the DSM are within a constant gap. 
That is, if (Rp

G,Rs
G )  is a rate pair in the capacity region of the AWGN IFC, then there 

exists a rate pair (Rp
D,Rs

D )  in the DSM IFC with 

Rp
D ≥ Rp

G − 21,

Rs
D ≥ Rs

G − 21.
 (2-8) 

Conversely, if (Rp
D,Rs

D )  is a rate pair in the capacity region of the DSM IFC, then there 

exists a rate pair (Rp
G,Rs

G )  in the capacity region of the AWGN IFC with 

Rp
G ≥ Rp

D −14,

Rs
G ≥ Rs

D −14.
 (2-9) 

For our purpose the converse part of the theorem is of great interest. We note that its 
proof is constructive. A coding scheme for the DSM can be translated into a coding 
scheme for the AWGN model by a straightforward lifting procedure. The details are 
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described in [15]. In the next section we shall find coding schemes for the DSM for some 
cognitive radio scenarios. 

2.3 Rate Region of Cognitive IFC in DSM 
 

For the purpose of illustration we start our analysis by considering the point-to-point 
channel 

y = [h]x[ ]  (2-10) 

in the DSM. As mentioned above, the transmitter can choose among 22n  discrete 
channel inputs x . However, due to the rounding operation of the channel, some of those 
channel inputs merge at the receiver. Hence, the receiver can receive only m ≤ 22n  
different channel outputs y . It is simple to see [16] that the capacity of the point-to-

point channel in the DSM is CD = logm . Figure 2-2 shows the dependence of the 
capacity on the absolute value | h |  of the channel gain. The capacity is a rather 
complicated function of the channel gain, which is difficult to express in closed form. In 
fact, such an expression would consist of a large number of case differentiations that 
check whether two given symbol x  merge at the receiver or not. 
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Figure  2-‐‑2:  Capacity  of  point-‐‑to-‐‑point  channel  in  DSM  



QUASAR  Deliverable: D2.3 
(ICT-248303)  Date: 31.10.2011 

QUASAR PUBLIC DISTRIBUTION Page 16 of 60 
© QUASAR and the authors 

Fortunately, it is not too difficult to show that we can achieve a rate of [16] 

R = 2 log | h | −10  (2-11) 

for all channel gains h . The idea of the proof is to reduce the density of channel inputs 
x  in order to avoid merging at the receiver. This is one key strategy for the 
development of coding schemes for the IFC. We will develop additional strategies in the 
subsequent subsections. 

2.3.1 No Cognition, No Cooperation 
Firstly, we study a scenario in which the secondary system has no information about the 
transmit symbol xp  of the primary transmitter (no cognition). Furthermore, the primary 

system is not willing to cooperate by sacrificing transmission rate. In this scenario the 
secondary system is in a weak position. It may not disturb the primary system; hence, it 
has to transmit with reduced power. Also, the secondary receiver suffers interference 
from the primary transmitter that cannot be prevented. 

Result 1 

On the channel (2-4) without cognition and cooperation we can achieve the rate pair 

Rp = 2 log | hpp | −10,

Rs = 2 log | hss | − 2 log | hps |( )+ − 2 log | hsp |( )+ −10,  (2-12) 

where (a)+ = max(a,0) . 

The proof is found in Appendix A.2 
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Figure  2-‐‑3:  Comparison  of  rate  regions  of  IFC  (solid)  and  CIFC  (dashed).  The  
markers  correspond  to  the  rate  pairs  (2-‐‑12)  (circle),  (2-‐‑14)  (triangle),  (2-‐‑17),  
(2-‐‑18)  (square)  and  (2-‐‑19),  (2-‐‑20)  (diamond).  The  lines  without  markers  

correspond  to  the  benchmark  regions  [6,  Eq.  (36)]  (solid)  and  [9,  Eq.  (12),  (13)]  
(dashed).  
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The rate pair is achieved by using the coding scheme for the point-to-point channel for 
the primary system. The secondary transmitter can only use a set of symbols that merge 
at the primary receiver to avoid interference. Due to interference from the primary 
system, the secondary transmitter has to reduce the density of the transmit symbols in 
order not to confuse the secondary receiver. 

Figure 2-3 shows a numerical evaluation of our rate regions. The channel parameters 
are | hpp |= 10

30 , | hss |= 10
20 , | hps |= 10

10  and | hsp |= 10
5 . The rate pair (2-12) corresponds to 

the circle. 

2.3.2 No Cognition, Cooperation 
Next, we extend our result to a cooperating primary system. The primary system might 
have some incentive to reduce its rate in order to permit a higher rate of the secondary 
system. The simplest strategy would be to shut down the primary transmission for some 
fraction of time and let the secondary system use the channel alone. This would achieve 
the rate pair 

Rp = 0,
Rs = 2 log | hss | −10.

 (2-13) 

However, as we saw in the previous subsection, the primary system can transmit at 
some low rate to achieve the rate pair 

Rp = 2 log | hpp | − 2 log | hps |( )+ − 2 log | hsp |( )+ −10,
Rs = 2 log | hss | −10,

 (2-14) 

without inflicting interference on the secondary receiver. Essentially, we are exchanging 
the roles of primary and secondary system. This rate pair corresponds to the triangle in 
Figure 2-3 

Let 0 ≤α ≤1  be the fraction of time for which we use the system in conventional mode, 
i.e. the primary system is operating at full rate. During the remaining fraction 1−α  of 
time the systems exchange roles, that is, the secondary system transmits at full rate. 

Result 2 

On the channel (2-4) without cognition and with cooperation we can achieve the rate 
pair 

Rp = 2 log | hpp | −(1−α ) 2 log | hps |( )+ + 2 log | hsp |( )+( )−10,
Rs = 2 log | hss | −α 2 log | hps |( )+ + 2 log | hsp |( )+( )−10,

 (2-15) 

forα ∈[0,1] . 

The achievable rate pairs lie on the line from rate pair (2-12) to rate pair (2-14). 

We can also express our region of achievable rate pairs as follows: 

Rp ≤ 2 log | hpp | −10,
Rs ≤ 2 log | hss | −10,

Rp + Rs ≤ 2 log | hpp | +2 log | hss | − 2 log | hps |( )+ − 2 log | hsp |( )+ − 20,
 (2-16) 

The region is depicted by the solid line connecting the markers in Figure 2-3. Comparing 
our region to the outer bound [6, Eq. (36)] for the IFC in the AWGN model (solid line 
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without markers), we see that the shape of the regions is exactly the same, and that the 
gap corresponds to the constant gap of 10 bits in (2-16). 

Another cooperation strategy would be to reduce the amount of transmit symbols used 
by the primary transmitter. This corresponds to reducing its transmit power. This 
reduces the interference at the secondary receiver. Hence, the secondary transmitter 
can use a larger set of transmit symbols. However, analysis of the scheme shows that 
the achievable rate pairs are the same as the pairs (2-15) achieved by time-sharing. 

2.3.3 Cognition, No Cooperation 
We now turn to the most interesting scenario of cognitive radio, where either the 
secondary transmitter or receiver has knowledge of the primary transmit symbol xp . As 

outlined in the introduction, this knowledge can be obtained by a wired connection 
between the primary transmitter and the secondary transmitter or receiver. 

In the simpler case of cognition at the secondary receiver, the interference by the 
primary transmitter can just be subtracted from the received signal ys . Still, the 
secondary transmitter cannot inflict any interference on the primary receiver. 

Result 3 

On the channel (2-4) with cognition at the secondary receiver and without cooperation 
we can achieve the rate pair 

Rp = 2 log | hpp | −10,

Rs = 2 log | hss | − 2 log | hsp |( )+ −10.  (2-17) 

The proof is found in Appendix A.1. 

In the case of cognition at the secondary transmitter we use a type of dirty paper coding 
(DPC) [17] implemented by using a two-dimensional lattice. The secondary receiver 
quantizes its received symbol ys  with respect to a predefined square lattice. The 
secondary transmitter knows ys  and, hence, the result of the quantization. By adjusting 
its own transmit symbols xs  it can compensate the interference from the primary 
transmitter. 

Result 4 

On the channel (2-4) with cognition at the secondary transmitter and without 
cooperation we can achieve the rate pair 

Rp = 2 log | hpp | −10,

Rs = 2 log | hss | − 2 log | hsp |( )+ −11.  (2-18) 

The proof is found in Appendix A.3. 

2.3.4 Cognition, Cooperation 
Lastly, we combine cognition with cooperation. It should be noted that only the 
secondary system can have cognition. Assuming that the primary system gains 
knowledge of the transmit symbol xs  of the secondary transmitter is unrealistic in most 
scenarios.  

Again, we use time-sharing with a rate pair that benefits the secondary system. 
However, if the secondary system has cognition, it can compensate for the primary 
interference. In the case of receiver cognition, the secondary receiver just subtracts the 
interference. If the secondary transmitter has cognition, the secondary system uses DPC 
as explained in the above subsection. In any case, the primary receiver does not have to 
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avoid inflicting interference on the secondary receiver. Hence, it can achieve higher 
rates. 

 

Result 5 

On the channel (2-4) with cognition at the secondary receiver and cooperation we can 
achieve the rate pair 

Rp = 2 log | hpp | − 2 log | hsp |( )+ −10,
Rs = 2 log | hss | −10.

 (2-19) 

The proof is found in Appendix A.5. 

 

Result 6 

On the channel (2-4) with cognition at the secondary transmitter and cooperation we can 
achieve the rate pair 

Rp = 2 log | hpp | − 2 log | hsp |( )+ −10,
Rs = 2 log | hss | −11.

 (2-20) 

The proof is found in Appendix A.4. 

These rate pairs are depicted as the diamond in Figure 2-3. 

By time-sharing with the rate pairs found in Result 3 and Result 4 we can achieve the 
rate regions 

Rp ≤ 2 log | hpp | −10,
Rs ≤ 2 log | hss | −10,

Rp + Rs ≤ 2 log | hpp | +2 log | hss | − 2 log | hsp |( )+ − 20,
 (2-21) 

for receiver cognition, and 

Rp ≤ 2 log | hpp | −10,
Rs ≤ 2 log | hss | −11,

Rp + Rs ≤ 2 log | hpp | +2 log | hss | − 2 log | hsp |( )+ − 21,
 (2-22) 

for transmitter cognition. The regions correspond to the dashed line crossing the 
markers in Figure 2-3. The dashed line without markers corresponds to the region [9, 
Eq. (12), (13)] for the CIFC in the AWGN model. Again, our region follows the shape of 
the benchmark. The gap is due to the constant gap in the above regions. 

Cognition at the secondary transmitter could be used in a different way, namely by using 
the secondary transmitter to transmit to the primary receiver. The secondary transmitter 
could superimpose additional information for the secondary receiver in a broadcast 
fashion. However, this scheme is only beneficial if the interfering link hsp  is stronger than 

the direct link hpp . This is not the typical scenario we are interested in. 

2.4 Transmission Opportunities 
From the achievable rate regions found in the previous section, we can infer results on 
transmission opportunities. We analyze the transmission opportunities of the secondary 
system given the channel and a specific primary system.  
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In our framework we experience a transmission opportunity if the rate Rs > 0  is positive. 
Whether this is the case or not, depends on the channel and both on cooperation and 
cognition. 

 

In Figure 2-4 we plotted the regions of transmission opportunity. This region depends on 
all four channel gains, hence, we have to fix some of the parameters. We choose 
hss = hpp  and hsp = hps . Firstly, consider the regions without cooperation enclosed by 

solid lines. The solid region marked by circles corresponds to the case without cognition. 
In order to experience a transmission opportunity, the direct links have to be rather high 
compared to the interference links. The region for cognition at the secondary transmitter 
and receiver are marked by triangles and squares, respectively. The regions are 
significantly larger, that is, for given direct links we can tolerate much stronger 
interfering links. The small gap between the two lines is due to the different constant 
gap in (2-21) and (2-22). 

To evaluate the effect of cooperation, we assume that the primary system is willing to 
sacrifice at most 20% of its rate; hence, it is operating at 

Rp = 0.8 ⋅ 2 log | hpp | −10( ).  (2-23) 

The resulting regions of transmission opportunities are depicted by dashed lines. We see 
that all regions are strictly larger than the corresponding regions without cooperation. 
Comparing the lines, we see that there is both a gap as well as an increase in the slope. 
Interestingly, there is a step in all three lines. There is no transmission opportunity for 
hpp  below a certain threshold. Above this threshold, however, there is an opportunity for 

hpp = hss
2

h ps
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 h
sp2
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Figure  2-‐‑4:  Regions  of  transmission  opportunity.  Non-‐‑cooperative  and  
cooperative  schemes  correspond  to  solid  and  dashed  lines,  respectively.  
Circles,  triangles  and  squares  correspond  to  the  cases  of  no  cognition,  

transmitter  cognition  and  receiver  cognition,  respectively.  
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a range of values of hps . This is because Rs  is both constrained by the individual bound 

and by the bound on the sum rate. Below the threshold the individual constraint causes 
Rs = 0 . When hpp  passes the threshold, the secondary system can tolerate more 

interference due to cooperation with the primary system. 

2.5 Conclusion 
In this section we investigated the cognitive radio scenario from an information theoretic 
point of view. We modelled the scenario as a two-user IFC, where the first and second 
transmitter-receiver pair represents the primary and secondary system, respectively. 
Cognition was modelled by the fact that the secondary transmitter knows the transmit 
symbol of the primary transmitter (CIFC).  

The capacity region of the IFC and the CIFC is a long-standing open problem. In this 
work we utilized the deterministic DSM to find approximate achievable rate regions 
within a constant additive gap. Apart from this gap, we showed that our regions are 
close to known outer bounds. 

We investigated the effect of cooperation between primary and secondary systems by 
finding the region of transmission opportunities, that is, the rage of channel gains for 
which the secondary system is able to transmit information at a positive rate. Our 
evaluations show that this region is greatly increased, even is the primary system is 
willing to sacrifice as little as 20% of its rate. 
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3 Cooperation Through Secondary Relaying 

3.1 TV Spectrum Reuse With Cooperative Transmitters 

3.1.1 Introduction 
In this section we investigate a method for computing the secondary system capacity for 
cooperating primary and secondary system. The primary system is considered to be a TV 
system and the secondary system is a cellular system. 

The initial computation of available TV frequencies indicated that the TV white space is 
mainly available in the low populated areas. Areas with high population density contain 
usually also TV coverage. The TV spectrum usage in the TV coverage area (Black Space 
(BSp)) is possible by using a spectrum overlay approach.  

The intention of this section is to provide a computation method for estimating the 
available secondary system capacity if the secondary system is cooperating with TV 
transmitters. The system capacity is computed for the secondary cellular system. The 
cells can be located in both TV coverage area and outside of it.  

3.1.2 Overlay Spectrum Usage 
The cognitive radio environment is described by an interference channel (Figure 3-1). In 
its simplest form the interference channel contains two transmitters and receivers. In 
our set up we interpret one transmitter receiver pair as primary transmitter/receiver and 
the second one as secondary transmitter/receiver. Here we assume the primary system 
to be a TV transmitter.  

pP
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psg

spg

ssg

pw
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sz

Primary
receiver
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receiver

pw

sw

 

Figure  3-‐‑1.  A  general  2  transmitter  2  receiver  channel.   sTV PP ,   are  the  TV  and  the  secondary  

transmitter  transmission  powers,   sssppspp gggg ,,, are  the  path  losses  in  the  channel,   sp zz , are  the  

additive  noise  component  and   sp ww , are  the  received  signals  

The secondary system can use the spectrum if the reception of the primary signal is 
undisturbed. If the secondary system does not know anything about the TV transmission 
it can only use very low transmission powers. The secondary user can increase its 
transmission power level by using an overlay transmission.  

The overlay spectrum sharing requires that the secondary system knows the primary 
message, TVw  (Figure 3-2). The secondary system combines its own message sw with 
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the primary message and transmits this combined message synchronously with primary 
transmission. The new message is constructed such that both primary and secondary 
system's received signal quality will be satisfied.  

pP

sP

ppg

psg

spg

ssg
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pz

sz
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receiver

Secondary
receiver

TVw TVw

( , )TV sw w

 
Figure  3-‐‑2.  TV  transmission  combined  with  overlay  transmitted  singal.  

The secondary overlay transmitter allocates a fraction, sPα , of its transmission power 

for retransmitting the TV signal and a fraction, ( ) sPα−1 , for transmitting its own signal. 

The retransmitted TV signal boosts the signal level at the TV receivers and the SINR is 
increased. The secondary signal is perceived by the TV signals as noise and the SINR is 
decreased. The fraction, α , is selected such that the SINR target, tγ , at the TV 
receivers will not be violated.  

The overlay system is often studied by assuming that the channel gains, g , are known 

[18], [10], where 
2hg = . In known channels, the transmitted signals can be precoded 

such that the main TV signal and retransmitted signal sum in phase at the receiver. In 
the TV WSp set up, the large amount of receivers makes it impossible to be aware of all 
the channels. In unknown Rayleigh fading channels the signals are combined not in 
phase but as their powers [7]. 

In such random channel we can separately investigate the achievable data rate in TV 
channel and in a secondary channel.  

In practice we can assume that the TV system data rate TVR is fixed and less than the 

channel capacity, TVTV CR ≤ . The achievable data rate in a TV channel is given as [7] 

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−+
+

+=
spsn

spsppTV
TV gPP

gPgP
C

α
α

1
1log2 . (3-1) 

In the system design, we select α  such that it maximizes the secondary system data 
rate given the constraints of the TV system data rate. If no interference compensation 
method is used, the secondary receiver treats the interference as noise and the 
achievable capacity in the secondary link is  
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Complex signal processing methods can significantly improve the secondary link's 
capacity. Two such methods are multiuser detection and dirty paper decoding (DPC). 
How useful these methods are in practice is still an open issue. In ideal conditions, those 
methods allow the receiver to reach the theoretical channel capacity. Unfortunately, in 
the presence of channel estimation errors, they perform rather poorly. 

3.1.2.1 Overlay With Dirty Paper Coding 
DPC is an effective way to simplify the reception by using the processing power at the 
transmitter. The transmitter uses a code that contains the knowledge about the 
interference. The channel combines the actual interference and the encoded messages. 
The code is selected such that the interference becomes invisible to the receiver. By 
using the DPC the achievable capacity in the link is the same as if the interference would 
not be present at all [17]. 

DPC encoding presumes that the transmitter knows the interfering signal and the 
channel gains hps ,hss . If channel gains are not known, the method cannot be applied and 

the capacity is characterized by (3-2). Given the channel knowledge, the secondary 
system capacity is  

( )
⎟⎟⎠

⎞
⎜⎜⎝

⎛ −
+=

n

sss
s P

gPC α11log2 . (3-3) 

3.1.2.2 Overlay With Iterative Decoding 
The DPC relies on the transmitter side interference compensation. Alternatively, the 
multiuser detection relies on the receiver side compensation. The decoder first decodes 
the primary signal and then the secondary signal. Multiuser decoding can reach the 
channel capacity only if both messages, TVw  and sw  are decoded error free. For 
successful decoding the achievable data rates have to satisfy the following equations 

( ) ⎟⎟⎠

⎞
⎜⎜⎝

⎛
−+
+

+≤
sssn

ssspsTV
sTV gPP

gPgP
C

α
α

1
1log2, , (3-4) 

 

( )
⎟⎟⎠

⎞
⎜⎜⎝

⎛ −+≤
n

sss
s P

gPC α11log2 , (3-5) 

where sTVC ,  is the maximum data rate at which the primary signal can be error free 

when decoded at the secondary receiver.  

The secondary receiver first decodes the primary signal. It is able to do it if the TV data 
rate is less or equal to the constraint (3-4). The constraint (3-4) describes the data rate 
needed for decoding the TV signal. Since the TV data rate is fixed we have to set the α  

such that both of the capacities sTVTV CC ,,  are bigger than the TV data rate 

( ) ( )( )αα
α sTVTVTV CCR ,,min≤ . (3-6) 
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The capacities depend on the attenuations in the channels. If the channels are known, 
we can select α  appropriately. If the channels are not known, the data rates are 
difficult to guarantee. 

In a special case, when the TV transmitter is switched off, the TV receiver reception 
quality is guaranteed only by the signal retransmitted by the secondary relays. In this 
case, the fraction of power allocated to the primary signal is such that [7] 

α
α
−

=
1TVSINR . (3-7) 

 

3.1.3 Capacity Estimation in a Cellular Overlay Network 
We apply the overlay cellular network to a TV system. We illustrate the secondary 
system capacity computation by constructing a simple service area covered by square 
cells. In the centre of the area there is a TV network with one transmitter surrounded by 
its coverage area (see Figure 3-3).  

The secondary cells are divided into two groups: the ones whose coverage area 
intercepts the TV coverage area (BSp cells) and the cells outside of the TV coverage area 
(WSp cells). We denote the amount of BSp cells by M and WSp cells by K.  

We assume that the secondary BSp receivers use an iterative decoder that cancels the 
TV signal. The quality of the TV reception is validated in A testpoints in the TV coverage 
area. In numerical evaluation we select the testpoints to be at the borders of the 
secondary cells. 

The TV receivers are served by the TV transmitter and the secondary BSp cells which are 
cooperating with the TV system. The parameters of the retransmission are selected such 
that the TV reception in the TV coverage area is not disturbed. 

At each test point a  the capacity can be evaluated as  

( )aaC γ+= 1log2 , (3-8) 

where the SINR, aγ , at a location a  is 

( ) kaw
k

mab
m

n

mab
m

paTV

a gPgPP

gPgP

∑∑
∑

+−+

+
=

α

α
γ

1
, (3-9) 

where the sums are over all the WSp and BSp transmitters, bP is the transmission power 

used in the BSp cells and wP is the transmission power used in the WSp cells. 

The equation (3-8) us the capacity constraint, similar to the one in (3-1), expressed for 
TV receivers in presenceo of a cellular BSp system.  

The TV signal is received and compensated in the BSp receivers. The ability of secondary 
receivers to decode the TV signals is tested at the test points B. The points are located 
at the BSp cells the modified equation (3-4) in cellular system is  

( )bTVbTVC ,2, 1log γ+≤ , (3-10) 

where bTV ,γ  is the SINR of TV signal at the secondary BSp receiver located at the test 

point b .  
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In (3-11) we have considered that the interference is not only from other BSp 
transmitters but also from WSp transmitters. 

In the WSp receivers the TV singal is not decoded and therefore the WSp receivers do 
not need to apply a constraint similar to (3-10). 

  

BS	  cells

TV	  coverage	  
area

WS	  cells

  

Figure  3-‐‑3.  TV  coverage  area  covered  by  a  secondary  network.  The  secondary  cells  belong  into  the  
black  space  (BSp)  and  white  space  (WSp)  area  

3.1.3.1 Capacity evaluation in a secondary system.  
We select the parameters of the overlay system such that the capacity of a secondary 
network is maximized. We describe the cell capacity as the achievable capacity at the 
cell border. For that we select test points at the cell borders and evaluate the achievable 
capacity at those points. We assume that each cell has L test points. 

We have two types of cells, WSp and BSp cells. In our analysis we assume that the cells 
with similar type have the same transmission power level. 

Capacity of the Cells Inside a TV Coverage Area (BSp Cells) 

The capacity in the BSp cells is described by the data rate that the secondary system can 
transmit. This is computed from the equation (3-5). By modifying the equation for the 
cellular system we have at the cell j  at test location b  
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One way to describe the capacity of a cell is by finding the minimum capacity over the 
locations b  

( )bjbj CC ,min=  (3-13) 

 

Capacity of the Cells Outside of the TV Coverage Area 

In WSp receiver the achievable capacity at the cell j  at test location b  

⎟
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and the capacity is described as  

( )bjbj CC ,min=  (3-15) 

 

3.1.3.2 Algorithm for Finding the Secondary System Capacity  
Our goal is to maximize the capacity over all the cells, BSp and WSp, 

⎟
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⎛ +∑∑

k
jj

m
CC  max , (3-16) 

such that the TV data rate at each test point is satisfied and the BSp receivers are able 
to decode the signals. 

If the TV data rate is TVR  and it the required SINR for successful reception is tγ  we can 
express the constraints as  
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3.1.4 Numerical Results 
The purpose of the simulations is to illustrate the power allocation methods in BSp 
communication system.  

We study by simulating the WSp users capacity in presence of BSp transmitters. 
Especially we study how much power a WSp network can use and how the BSp 
transmitter splits its power to retransmit primary signal and the secondary signal. 

We simulate a network covering 300 km times 300 km. The TV transmitter is located in 
the centre of the network. The secondary network is a grid covering the whole area.  

In simulations we find the maximum power for WSp and BSp transmitters such that the 
capacity at the cell borders is maximized.  
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Table  3-‐‑1  Simulated  TV  transmitter  parameters  

TV transmitter  

Location 0 0 

Tx power 50 kW 

Coverage area 80 km 

Path loss model -3.2 

Target SINR 15.4 dB 

 

 

SU transmitters  

Location Grid of square cells the cell size is a parameter 

BSp transmitters All the transmitters whose coverage area intersects with TV 
coverage area 

WSp transmitters All the transmitters whose coverage area is outside of TV coverage 
area 

Tx power  Maximum power is limited (as a simulation parameter). The actual 
power is identified by optimally allocating the power to WSp and 
BSp transmitters. 

Path loss model -3.5 Comment: Here we assume that secondary BS antennas are 
located lower than the TV transmitter. The signals from lower 
located antennas attenuate more than the signal from a high TV 
tower. This difference is expressed as difference in path loss 
exponent.  

 

In principle, each cell could have different transmission power level. The power levels of 
all the secondary transmitters are related by the interference constraint: the limit on the 
amount of interference they all together generate to the TV receivers.   
We could follow different secondary system power allocation strategies. For instance in 
the current ECC proposal each transmission power is selected such that the interference 
from all the transmitters are equal. Such allocation permits users located far away from 
the TV coverage area to have higher transmission power than users who are located 
near to the TV receivers. However, for a large number of users such allocation is 
computationally difficult. Furthermore, the capacity of a cellular system tends to be 
maximized with equal transmission power allocation in each cell. Intuitively, in a regular 
network the equal transmission power in each cell generates equal interference in every 
cell border. Such equal secondary system self-interference maximizes the secondary 
system capacity. The impact of the equal transmission power allocation on self-
interference and capacity of the secondary system is investigated in the deliverable 4.3 
in this project. In this report we only assume the equal transmission power in the same 
type of cells, in BSp cells and in WSp cells.  
As a reference case we simulate WSp cells. The WSp cells are all the cells that fall 
outside of the TV coverage area. We compute the transmission powers for three different 
cell sizes.  
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Cell size TX power in WSp 

20 km 47.62 W 

10 km 7.68 W 

5 km 0.56 W 

 

The capacity of the cells is illustrated in Figure 3-5 Figure 3-5 3-6. All the cells have the 
same transmission power. The capacity difference is due to the different interference 
levels from the TV transmitter. 
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Figure  3-‐‑4.  Capacity  with  WSp  cells  only.  The  cell  size  is  20x20  km.  Transmission  power  in  each  WS  
cell  is  47.62  W.  
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Figure  3-‐‑5  Capacity  with  WSp  cells  only.  The  cell  size  is  10x10  km.  Transmission  power  in  each  WS  
cell  is  7.68  W.  
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Figure  3-‐‑6.  Capacity  with  WSp  cells  only.  The  cell  size  is  5x5  km.  The  transmission  power  in  the  WSp  
is  0.56  W.  

3.1.4.1 WSp + BSp Cells With 100 W Maximum Tx Power 
We first illustrate the capacity in WSp + BSp environment by selecting different cell 
sizes. Maximum TX power in WSp and BSp cells is set to 100 W.  

As we see in Figure 3-7, Figure 3-8 and Figure 3-9 the BSp transmitters transmission 
powers are maxed out, however most of the additional capacity is captured by the WSp 
cells.  

Interestingly, in large cells the BSp TV signal retransmission does not lead to additional 
capacity increase in WSp cells. It can be explained by the additional interference the BSp 
transmitters generate. 

Cell size TX power in BSp Fraction α  TX power in WSp 

20 km 99.98 W 0.981 54 W 

10 km 100 W 0.989 29.28 W 

5 km 100 W 0.991 9.04 W 
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Figure  3-‐‑7  Capacity  in  different  areas  for  BSp  and  WSp  transmitters.  Cell  size  is  20x20  km.  SU  Tx  

power  limited  to  100  W.  
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Figure  3-‐‑8  Capacity  in  different  areas  for  BSp  and  WSp  transmitters.  Cell  size  is  10x10  km.  SU  Tx  

power  limited  to  100  W.  
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Figure  3-‐‑9  Capacity  in  different  areas  for  BSp  and  WSp  transmitters.  Cell  size  is  5x5  km.  SU  Tx  power  
limited  to  100  W.  

 

3.1.4.2 WSp + BSp Cells With 10 W of Maximum Tx Power 
Cell size TX power in BSp Fraction α  TX power in WSp 

20 km 10 W 0.955 10 W 

10 km 10 W 0.978 10 W 

5 km 10 W 0.991 1.45 W 
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Figure  3-‐‑10  Capacity  in  different  areas  for  BSp  and  WSp  transmitters.  Cell  size  is  20x20  km.  SU  Tx  

power  limited  to  10  W.  
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Figure  3-‐‑11  Capacity  in  different  areas  for  BSp  and  WSp  transmitters.  Cell  size  is  10x10  km.  SU  Tx  

power  limited  to  10  W.  
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Figure  3-‐‑12  Capacity  in  different  areas  for  BSp  and  WSp  transmitters.  Cell  size  is  5x5  km.  SU  Tx  

power  limited  to  10  W.  

As we see by limiting the transmission power the WSp cells gain more capacity. However 
the BSp cells just amplify the TV signal but will transmit almost no secondary signal.  

3.1.4.3 WSp and BSp by Separating BSp to the Transmitters at the Cell Border and 
Inside the Cell 

Relative low capacity in WSp and BSp cells can be explained by the lack of protection 
area around the TV coverage area. All the WSp cells use the same transmission power. 
Since the cells near the TV coverage border create a lot of interference, the transmission 
power in those cells should be limited. This also limits the power level that can be used 
in other cells.  

We can improve the capacity of WSp transmitters by creating a protection area around 
the TV cell. For that, we split the BSp cells into two groups, the cells that are near to the 
TV cell border and the cells that are in the centre of the TV coverage area. In the 
optimization we search for the power allocations in three groups of cells: WSp cells, BSp 
cells at the TV border and BSp cells inside the TV coverage area.  

In numerical evaluation the BSp cells that are nearer than 5km from the TV coverage 
area border are defined to be the BSp cells at the TV border. The BSp cells that are 
inside the TV coverage area but at least 5 km away from the TV coverage area border 
are defined to be the inside cells. 
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Figure  3-‐‑13  WSp  and  BSp  transmitters  where  BSp  transmitters  are  separated  to  the  transmitters  at  the  
cell  border  and  inside  the  cell.  

Cell 
size 

TX power in 
BSp at the 
cell border  

Fraction α  in 
BSp at the 
cell border 

TX power in 
BSp at cells 
inside the TV 
coverage 

Fraction α  
in BSp at the 
cells inside 
of TV 
coverage 

TX power in 
WSp 

20 km 100 W 0.937 100 W 0.97 100 W 

10 km 100 W 1 100 W 0.977 57.2 W 

5 km 100 W 0.979  0.973 26.6 W 
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Figure  3-‐‑14  WSp  and  BSp  transmitters  where  BSp  transmitters  are  separated  to  the  transmitters  at  the  

cell  border  and  inside  the  cell.  Cell  size  20x20  km.  Maximum  transmission  power  is  100  W.    
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Figure  3-‐‑15  WSp  and  BSp  transmitters  where  BSp  transmitters  are  separated  to  the  transmitters  at  the  

cell  border  and  inside  the  cell.  Cell  size  10x10  km.  Maximum  transmission  power  is  100  W.    
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Figure  3-‐‑16  WSp  and  BSp  transmitters  where  BSp  transmitters  are  separated  to  the  transmitters  at  the  

cell  border  and  inside  the  cell.  Cell  size  5x5  km.  Maximum  transmission  power  is  100  W.    

 
As we see in Figure 3-14 - Figure 3-16 the capacity in the secondary system can be 
increased by demanding the protection area around TV cells but populating the border of 
TV cell with cells that retransmit the TV signal. In the worst case those cells retransmit 
only the TV signal and no secondary signal.  

3.2 TDMA Cellular Networks 

3.2.1 Introduction 
In this part, we consider a cognitive radio network where the primary and the secondary 
network cooperate with each other. In a TDMA cellular network with multiple cells, the 
entire frequency band is divided into sub-frequency bands according to the frequency 
reuse factor, and one of them is assigned to each cell. If we think of one cell only, the 
other unused sub-frequency bands are wasted in the sense of spectrum efficiency. To 
increase the spectrum utilization, we propose a cognitive network by introducing a 
secondary network in a TDMA cellular network and making it use the unused channels in 
each cell. When we recognize that the basic operating mechanism of "cognitive radio" is 
to allow the primary network to share its spectrum with the secondary network, this kind 
of network falls within the cognitive networks. In this system, there is no spectrum 
sensing but the secondary network occupies the channels in each cell based on some 
information, which may be given by the base station of the cell. Then, in our cooperation 
scheme, the secondary nodes can serve as relays for the primary users to compensate 
the interference they cause to the primary users. With slotted ALOHA [19] as their MAC 
protocol, the secondary nodes contend the channels and relay the primary packets as 
well as transmit their own packets to the access points in the same cell. 
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Through the cooperation between the primary and the secondary network, the uplink 
performance of the primary users at the cell border can be especially increased. By 
transmitting through a secondary relay, a primary cell edge user can send more bits 
during a given TDMA slot, and this leads to the capacity improvement of the primary 
network. To investigate the gain from cooperation, we firstly analyze the coexistence 
mode, which is the usual case in cognitive networks, and compare the performances of 
the coexistence mode and the cooperation mode. We have found that the performance 
of a primary cell edge user increases with the number of the secondary nodes, yielding 
the transmission delay bounded under the 1 TDMA frame. 

3.2.2 System Description 

3.2.2.1 Network Model 
 

 
Figure  3-‐‑17.  Multi-‐‑cell  TDMA  cellular  network  with  secondary  networks.  

 

Consider a TDMA cellular network with multiple cells, where the frequency reuse factor is 
K . According to this reuse factor, the total spectrum band is divided into K sub-
frequency bands and each cell is allocated one of them, forming a cluster with K  cells. 
In one cell the other 1−K  sub-frequency bands cannot be used by the cellular users 
and are wasted in the spectral efficiency sense, though co-channel interference between 
neighboring cells should be avoided. In this work, we utilize these unused frequency 
bands of a cell by regarding the TDMA cellular network as a primary network and 
introducing a secondary network in each cell. We consider a secondary network with 
mobile nodes, where each node wants to transmit its packets to one of the access points 
(AP) using the unused frequency bands, based on slotted ALOHA MAC protocol. The APs 
are also located in the same TDMA cell as showin in Figure 3-17. It is also assumed that 
the secondary nodes can move around in the cell with a moderate speed, which enables 
the load from relaying of primary packets to be spread over the secondary nodes in our 
cooperation scheme. 

For simplicity, suppose that the total number of channels is equal to the reuse factorK . 
In each cell, one channel is assigned for the primary cellular users and the other 1−K  
channels are used for the secondary nodes. The cell radius is R , where the base station 
(BS) is located at the center of a cell, and PN  and SN  denote the number of primary 
users and secondary users, respectively. We assume that the cellular network is fully 
loaded and one TDMA frame consists of PN  slots. In the secondary network, the slot 
length is equal to that of a TDMA slot in the primary network and the same as the 
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transmission time of a packet. All the primary and secondary users are synchronized and 
all packet transmissions start at the beginning of a time slot. Every secondary node is 
assumed to have a buffer, which can store at most one packet at any time. If a 
secondary node has a packet in the buffer, it can transmit the packet on a randomly 
chosen channel among 1−K  channels, and it is assumed to know if the transmission is 
successful or not right after the transmission. When more than two packets are 
transmitted on the same channel, collision occurs and this is regarded as a transmission 
failure. If the transmission fails, the packet remains in the buffer and is retransmitted in 
the next slot according to the transmission probability txp . Therefore, a secondary node 
is in either of the two states: the backlogged state if it has a packet to send, or the 
empty state if it does not have any packet to transmit in the buffer. 

When the secondary nodes access the unused 1−K  channels using slotted ALOHA 
scheme, we consider DFT (delayed-first-transmission) protocol [20]. With DFT protocol, 
a secondary node in the empty state can generate a packet at the end of a slot with 
probability Sλ . If a new packet is generated, the secondary node immediately joins the 
backlogged state. The backlogged nodes cannot generate new packets and transmit their 
packets according to the transmission probability txp . If a backlogged secondary node 
successfully transmits a packet during a slot, the node can generate a new packet again 
at the end of the slot with probability Sλ . 

 

3.2.2.2 Interference Model 
 

 

Figure  3-‐‑18.  Interference  model  in  a  hexagonal  cell  pattern  with  the  frequency  reuse  factor   4K = .      
(a):  Inter-‐‑cell  interference  from  the  neighboring  primary  users,  (b):  Inter-‐‑cell  interference    from  the  

neighboring  secondary  nodes,  and  (c)  :  Interfering  user  location  in  the  neighboring  cell.  

In this cognitive radio network, we consider the uplink transmission performance of 
the primary cellular edge users, which operate in TDMA in the cell. For the uplink of a 
primary user, there is no intra-cell interference, but the inter-cell interference comes  
from the neighboring primary and secondary users. We assume that the TDMA cellular 
users perform the ideal uplink power control, so that the received signal level at the 
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BS can be the same independently of the user location. Normalizing the received signal 
energy at the BS by 1, the transmission power of a TDMA user located at a distance r  
from its BS is 4r , with the path-loss exponent 4. Then, the interference power from an 
interfering primary user at a distance d  is equal to 4( / )r d , where r  denotes the 
distance between the interfering user and its BS, as in Figure 3-18(c). From Figure 
3-18(c), where D  denotes the distance between the BSs of the two cells, we obtain 
 

2 2 22 cosd D Dr rθ= + + . (3-19) 

Based on a hexagonal cell pattern, which is commonly used in mobile radio systems, we 
can calculate the average interference by an interfering primary user in the neighboring 
cells as the following equation [21]: 

4

2 2 22

2( ) 
( 2 cos )3 3PU

cell

rI D r drd
D Dr rR

θ
θ

=
+ +∫∫ . (3-20) 

As shown in Figure 3-18(a), we take into account the nearest 6 co-channel cells in the 
TDMA cellular network and the total interference from the neighboring primary cellular 
users is 6 ( 3 )P PUI I R K= with 3D R K= . 

On the other hand, the secondary nodes in the neighboring cells also cause interference 
to the primary TDMA users in the target cell. For example, when the frequency reuse 
factor K  is equal to 4 as shown in Figure 3-18(b), the secondary nodes in many 
neighboring cells can use the same channel as the primary TDMA users in the target cell. 
Assuming that the secondary nodes transmit the signal with fixed power SUP , we take 
into account the neighboring cells in the second tier, similarly to the interference for a 
primary user. Then the average interference by an interfering secondary node in the 
neighboring cells is 

2 2 22

2( ) 
( 2 cos )3 3

SU
SU

cell

PI D r drd
D Dr rR

θ
θ

=
+ +∫∫ , (3-21) 

and the total interference from the neighboring secondary nodes is 

6 ( ( 3 ) (3 ))S SU SUI u I R I R= + , where u  is the channel utilization of the secondary network. 
In the secondary network, the channels are randomly chosen by the transmitting nodes 
and a channel may not always be used by a secondary node. Thus, how often a channel 
is utilized during a slot has an effect on the interference from the secondary nodes and 
we call it the channel utilization u , which may differ between the coexistence mode and 
the cooperation mode in the following section. 

 

3.2.3 Cooperation Through Secondary Relaying 
In this section, we describe the cooperation mode, in which the primary cellular users 
exploit the secondary nodes as their relays to the BS. To investigate the gain from this 
cooperation, we firstly explain and analyze the coexistence mode based on our network 
model, which is the usual case considered in any cognitive radio network. After 
considering the coexistence mode, we will compare the performance of the cooperation 
mode with that of the coexistence mode, especially for the cell edge users in the primary 
TDMA network. 

3.2.3.1 Coexistence Mode 
In a TDMA cellular network, only 1/ K  of the total spectrum band is assigned to each cell 
as the available channel, and the rest of the spectrum cannot be used in that cell. When 
we think of one cell only, the unused frequency band seems to be wasted. In this work, 
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we put a secondary network in each cell, and let it use this unutilized spectrum in order 
to maximize the spectral efficiency. In the coexistence mode, the primary and the 
secondary network operate in separate ways, interfering with each other as shown in 
Figure 3-19(a). The cell edge user of the primary network transmits the signal directly to 
the BS during the allocated slot on a dedicated channel, and each secondary node 
transmits its packet to the AP contending for a channel among 1K −  channels. To 
calculate the interference, which has the greatest impact on the primary user 
performance, we analyze the secondary network first, which is using multi-channel 
slotted ALOHA as its MAC protocol. 
 

 

Figure  3-‐‑19.  (a):  Coexistence  mode  and  (b):  Cooperation  mode.  

 
The secondary network can be modeled as a Markov chain with finite states, where the 
imbedded Markov points are picked at the end of each slot. The state of the system is 
defined as the number of backlogged users in the network at the imbedded Markov point. 
With DFT protocol, the transition probabilities of this system are as follows [20]: 

min( , )

0 0
(1 ) Pr{ | } (1 )s s

s

j M n
s s k j c N kn j n

jk tx tx s s s
n c s

N j cj
p p p c n

k j cn
λ λ− + −−

= =

− +⎛ ⎞⎛ ⎞
= − −⎜ ⎟⎜ ⎟ − +⎝ ⎠ ⎝ ⎠
∑ ∑ , (3-22) 

where 1M K= −  is the total available number of channels of the secondary network. 
Pr{ | }sc n  denotes the conditional probability that sc  packets are successfully transmitted 
given that n  packets are simultaneously transmitted during a slot. This can be derived 
from the well-known probability problem of assigning balls to boxes. When n  balls are 
thrown into M  boxes, each box is selected with equal probability by each ball. The 
probability of having only one ball in sc  boxes is the same as Pr{ | }sc n , and it is 
expressed as 

min( , )( 1) ! ! ( 1) ( )Pr{ | } Pr{ | , }
! ( )!( )!( )!

s

s

c j n jM n

s s n
j cs s

M n M jc n c n M
c M j c M j n j

−

=

− − −= =
− − −∑ . (3-23) 

 
Let 0 1{ , ,..., }

s

S S S S
Nπ π πΠ =  denote the ( 1)SN + dimensional vector of the steady-state 

probability distribution, which can be obtained by solving a set of linear equations: 

S SΠ =Π ⋅Pand 
0

1
SN

S
k

k
π

=

=∑ , where [ ]jkp=P  is the transition probability matrix. From the 

steady-state probability of the secondary network, the channel utilization and the total 
throughput of the secondary network in the coexistence mode are obtained as follows, 
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(3-25
) 

The channel utilization COEXu  is the probability that a given channel is used by the 

secondary nodes in a cell during a time slot. The total throughput ,S COEXθ  is the average 

number of packets successfully transmitted per slot by the secondary nodes. 
 
With COEXu  in (3-24), the interference caused by the secondary nodes can be calculated. 
For a TDMA cellular user in the primary network, the interference by the secondary 
nodes in the neighboring cells is , 6 ( ( 3 ) (3 ))S COEX COEX SU SUI u I R I R= + , where SUI  is equal 

to (3-21). The primary channel of the target cell, however, is always used by the TDMA 
users in the neighboring co-channel cells. The interference from those primary users is 

, 6 ( 3 )P COEX PUI I R K= , where PUI  is equal to equation (3-24). Therefore, when a cell 

edge user of the primary network transmits the signal with the power equal to 4R , the 
number of transmitted bits per TDMA slot is 
 

, 2
, ,

1log (1 )  P COEX
P COEX S COEX

T
I I

= +
+

. (3-26) 

The throughput per node and the average packet delay of the secondary network are 
 

  
TS,COEX =

θS ,COEX

NS

= 1
1/ λS + DS ,COEX −1

 (3-27) 

and 

,
,

1 1 1S COEX
S COEX S

D
T λ

= − + , (3-28) 

respectively. The average packet delay here referres to the time from a packet arrival to 
the completion of its transmission. 
 

3.2.3.2 Cooperation Mode 
When the primary and the secondary network operate in the coexistence mode as above, 
the primary cellular users receive a lot of interference from the secondary network. To 
compensate this, in our cooperation mode, the secondary nodes help the primary users 
by relaying their packets to the BS, as shown in Figure 3-19(b). Relaying the primary 
packets is likely to degrade the throughput of the secondary network somewhat, making 
the secondary's transmission opportunity shared by the primary and the secondary 
packets. The performance of the primary users, though, might be even increased, 
particularly at the cell edge. 
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Figure  3-‐‑20.  Markov  chain  model  for  a  secondary  node.  

 

In the cooperation mode, some of the secondary nodes are serving as relays for cell 
edge users of the primary cellular network. For this, a secondary node can receive a 
primary packet from a cell edge user in a slot only when it is in the empty state. 
Assuming that the number of secondary nodes is high enough to support the primary 
users wanting to be served by relays, a primary cell edge user can almost always have a 
secondary relay when it transmits. At the beginning of a slot, a primary cell edge user 
chooses its relay among the secondary nodes with empty buffers and transmits a packet 
to the relay. If a secondary node with empty buffer is not chosen by any primary users, 
it can generate its own packet at the end of the slot at a rate of Sλ , based on DFT 
protocol. For a primary user to choose a secondary relay, some signaling procedures are 
required. For instance, a primary user looking for a relay broadcasts a beacon, which 
includes its address at the beginning of a slot. Then the nearby secondary nodes hear it, 
and the secondary nodes, which can afford to relay the primary packet, respond to that 
primary user by sending a control signal as well. This control packet has the secondary 
node addresses and the location information, if it is needed. After getting the responses, 
the primary user selects one of them at random or based on their location information. 
This relay selection process differs to the system requirements and complexity. In this 
work, we assume that each primary user can have an appropriate relay through a 
certain relay selection procedure, and we focus on the subsequent phase after the relay 
selection phase. 

When the secondary nodes cooperate with the primary users, a secondary node can 
have either the primary packet (which is received from the cellular user) or the 
secondary packet (which is generated from itself) in the buffer. In the cooperation mode, 
therefore, not only the secondary network but also each secondary node can be modeled 
as a Markov chain, which is shown in Figure 3-20. The state of the secondary node is 
defined as its buffer state: the state 0  means its buffer is empty, and the state S  (P ) 
denotes there is a secondary (primary) packet in its buffer. Both the states S  and P  are 
regarded as the backlogged state, in which the secondary node attempts to send the 
packet according to the same transmission probability, regardless of the type of the 
packet. Thus, the successfully transmitted packets from the secondary nodes include 
both the primary and secondary the packets. 

To exactly investigate the throughput of the secondary network, it is needed to know 
with what kind of packet a secondary node joins the backlogged state. This can be 
obtained from the steady-state probability distribution of a secondary node based on two 
probabilistic parameter, sucp  and rxp . sucp  is the probability that the transmission is 
successful when a backlogged node transmits its packet on a randomly chosen channel. 
With slotted ALOHA MAC protocol, a packet can be sent successfully on a channel only if 
there is no other packet in that channel. This probability is calculated as 
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where S
jγ denotes the probability that there are j  backlogged nodes in the secondary 

network in the steady-state (0 )Sj N≤ ≤ . rxp , which is also related to the state of the 
secondary network, denotes the probability that a secondary node with an empty buffer 
receives a packet from a primary cellular user. As supposed in section 3.2.2.1, the 
secondary nodes are moving around in the cell and are assumed to be chosen as the 
relay for a primary user with equal probability rxp . Thus, the probability that a 
secondary node is selected by a primary user gets lower (higher) with more the 
secondary (primary) nodes, and it is also proportional to the probability that a secondary 
node is in the empty state. Then rxp  can be written as 

0
SUP

rx
S

Np
N

β γ= , (3-30) 

where β  represents a proportional constant and 0
SUγ  denotes the steady-state 

probability that a secondary node is in the state 0 . 

 

Because the secondary nodes and their network are interacting with each other, the 
Markov chains of the two should be solved jointly. The secondary network is modeled as 
an imbedded Markov chain as well, where the state of the Markov chain is defined as the 
number of backlogged users in the system, like in the coexistence mode. The transition 
probabilities, however, are somewhat different from those of the coexistence mode: 
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(3-31
) 

where Pr{ | }sc n  is the conditional probability about the packet success, which is equal to 

(3-23). The above transition probability also includes rxp . In other words, the state of 
the secondary network depends on the state of each secondary node, and vice versa, 
interlinked by two probabilistic parameter sucp  and rxp . To examine the steady states of 
the secondary node and the network, we recursively calculate the two Markov chains 
until the parameters sucp  and rxp  converge. Then, ( 1)SN + dimensional steady-state 

vector of the secondary network 0 1{ , ,..., }
s

S S S S
Nγ γ γΓ =  and the steady-state of each 

secondary node 0{ , , }SU SU SU SU
S Pγ γ γΓ =  can be obtained. With them, we can get the 

channel utilization and the total throughput of the secondary network in the cooperation 
mode as follows, 
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(3-33
) 

 

Using the (3-32), the interference from the secondary nodes ,S COOPI  is calculated in the 

cooperation mode, while the interference from the neighboring primary users ,P COOPI  is 

the same as in the coexistence mode. When a cell edge user is served by a secondary 
relay, its transmission distance gets shorter than that in the coexistence mode. 
Proportionally to the cell radius R , the distance can be represented by (1/ )Rδ , where 
δ  varies with the relay location. When a primary user at the cell border transmits with 
the power equal to 4R  as in coexistence mode, the number of successfully transmitted 
bits per TDMA slot is 

4

P,COOP 2
, ,

T =log (1 ) 
P COOP S COOPI I

δ+
+

. (3-34) 

The throughput per secondary node and the average packet delay in the cooperation 
mode are 
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and 
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respectively. Since the total throughput of the secondary network (3-33) involves both 
the primary and secondary packets, the valid throughput of a secondary node depends 
on with what type of packet a secondary node stays in the backlogged state. This is 
proportional to the probability of a secondary node having its own secondary packet 
during the backlogged state, and therefore the throughput per secondary node is 
obtained as (3-35). On the other hand, the average packet delay comes from the 
relation with the throughput per secondary node as in (3-35). The time from a secondary 
packet generation to finishing its transmission is the average delay of that packet, and it 
is calculated as in (3-36). 

 

3.2.4 Numerical Results 
When a primary user located at the cell border transmits a signal with  an equal power 
both in the coexistence and the cooperation mode, more bits can be sent in a packet 
during the same slot time by transmitting to a secondary relay. Let us denote the ratio 
between the transmissible number of bits of the two modes by x : 
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where COEXI  and COOPI  are the sums of the interference from the primary and the 
secondary networks in each mode, respectively. This means that in the cooperation 
mode, (1/ )x  of the original slot time is enough to transmit the same number of bits as in 
the coexistence mode. Therefore, the primary cellular network can accommodate x  
times more users especially at its cell border, by splitting up a TDMA slot into (1/ )x  
times shorter ones. Thus, we identify x  as the cooperation gain. Denoting the original 
slot time by t , the total delay of a relayed primary packet is given by: 

,
1

P COOP
tx suc

tD
x p p

= + , (3-38) 

which includes the transmission time to the secondary relay and the delay at the relay 
contending a channel for the transmission to the BS. This total delay should be smaller 
than the length of 1 TDMA frame, PN t . Otherwise, the delay from secondary relaying is 
so large that there is no necessity for the primary users at the cell border to cooperate 
with the secondary network. 

In the cooperation mode, on the other hand, a secondary relay should make sure that 
the signal-to-interference-ratio (SIR) between the BS and itself is large enough for a 
relayed primary signal to be correctly received by the BS. Otherwise, the link between 
the BS and a secondary relay becomes a bottleneck and even reduces the primary user 
performance. For the interference to a secondary node, we take into account the 
neighboring cell in the second tier as for the interference to a primary user. With the 
transmission power and the location of a secondary relay, which are given properly, we 
can calculate the SIR between the BS and a secondary relay to support a primary cell 
edge user. The parameters in the following scenario are set reflecting the link qualities.  

 

 
Figure  3-‐‑21.  The  total  delay  of  a  primary  cell  edge  user  in  the  cooperation  mode.  
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To see the gain from cooperation, we numerically compare the performance of the 
primary cell edge user in the cooperation mode with that in the coexistence mode. Here 
we consider the case that 100R = , 15PN = , 4K = , and 1t = . The transmission 

probability 0.2txp = , and the packet generation rate 0.1Sλ = . The transmission power of 
a secondary node is set equally to the average transmission power of the primary nodes. 
To secure high SIR enough to relay the primary signal, a primary cell edge user selects a 
secondary relay near the BS, with 4 / 3δ = . This is because the interference caused by 
the primary users in the neighboring cells is quite large for a secondary node. 

Figure 3-21 shows that the total delay of a primary cell edge user increases with the 
number of secondary nodes, because the collision is more likely to occur with more 
secondary nodes. The secondary relay has to retransmit frequently, keeping the primary 
packet in the buffer. Until the total delay of a relayed primary packet is smaller than 1 
TDMA frame PN t , the primary cellular network allows the secondary nodes to enter the 
network, getting the benefit from the cooperation with them. 

 

 
Figure  3-‐‑22.  Comparison  of  the  channel  utilizaitons  in  the  two  modes.  

 

When the number of nodes increases, the channels are used more efficiently as shown in 
Figure 3-22. Especially the channels are highly utilized in the cooperation rather than in 
the coexistence. In the cooperation mode, a secondary node can have not only its own 
generated packet but also a received primary packet in the buffer. This makes it stay in 
the backlogged state with high probability, yielding higher throughput of both networks. 
With too many nodes, however, the collision happens so frequently that the channel 
utilization is decreased, reducing the throughput of both the primary and secondary 
networks. 

On the other hand, the delay of a secondary packet increases by helping the primary 
users and the increased rate varies with system parameters, such as the transmission 
probability, the packet generation rate, and the number of users in the network, etc. The 
cooperation scheme is therefore suitable for a delay tolerant secondary network and 
Figure 3-23 shows the average delay of a secondary packet as the number of secondary 
nodes increases. When there is small number of secondary nodes, the load from serving 
as a relay is quite heavy for each secondary node and this makes the secondary packets 
delayed. With too many secondary nodes, though, the channel utilization gets lower due 
to the contention among the nodes and the average delay becomes high again.  
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Figure 3-24 shows the cooperation gain x  as a function of the number of secondary 
nodes. When more secondary nodes are in the network, the channel utilization gets 
higher, leading to the increased interference both to the primary and the secondary 
users. In the cooperation mode, however, the primary packets can be spread over more 
secondary nodes that help relaying. This cooperation compensates the interference and 
even increases the performance of the primary network, particulary of the cell edge 
users. We have fount that there exists an optimal number of secondary nodes for the 
cooperation scheme, based on the results in Figure 3-23 and Figure 3-24. 

 

 
Figure  3-‐‑23.  The  average  packet  delay  of  a  secondary  packet  as  a  function  of  the  number  of  

secondary  nodes.  

 

 
Figure  3-‐‑24.  The  cooperation  gain  as  a  function  of  the  number  of  secondary  nodes.  

3.2.5 Conclusions 
In this section, we investigated the effect of cooperation between the primary and 
secondary users in a cognitive system. In return for allowing the secondary nodes to 
utilize the unused channels, the primary users in a TDMA cellular network get help from 
them for relaying the primary packets. The secondary nodes can receive and forward the 
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primary packets as well as transmit their own generated packets, accessing the channels 
based on slotted ALOHA MAC. This cooperation mitigates the increased interference 
caused by the secondary nodes and improves the performance of the primary cell edge 
users. 
When a primary packet is relayed, it experiences the delay staying in the secondary 
node and waiting for (re)transmissions, and this increases the total transmission delay of 
the packet. With more secondary nodes, the probability that a transmission is successful 
gets lower due to contention. Therefore, there exists a maximum allowable/permitable 
number of secondary nodes in the network, which makes the total delay of a relayed 
primary packet keep smaller than 1-TDMA frame length. This is the fundamental 
condition for obtaining benefit from the cooperation through secondary relaying in the 
system. From some numerical results, we have found that there is an optimal number of 
secondary nodes which can maximize the channel utilization and thus the gain from the 
cooperation. This can be a motivation for the conventional cellular systems to positively 
introduce a cognitive radio networks. 
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4 Cooperation Through Using Database 

4.1 Introduction 
In this chapter, we investigate the design issues in database-driven cognitive radio 
implementation. While there are a number of previous papers [22], [23], [24] on 
spectrum sensing techniques, the database approach has not yet been fully explored. 
How can the database be developed? What contents should the database have? How 
frequently should the database be updated and what is the cost? Those questions 
constitute the challenging areas of the database-driven CR. 

Recently, the FCC released the final rules for the cognitive use of TV white space in the 
U.S [25]. This report is based on the database architecture only. The white space 
devices should have geo-location estimation technologies and download from the 
database the white space tables while they are not required to perform additional 
spectrum sensing before opportunistically transmitting the signals. The FCC also allowed 
personal/portable devices to operate as Mod II devices and rely on geolocation and 
database access to determine available channels at its location [26]. In a similar line to 
the FCC’s conclusion, the European Communications Commitee (ECC) approved a similar 
report [27]. The report studies three candidate techniques, namely sensing, geo-location 
database, and beacon. In the QUASAR project’s task 1.3 (deliverable 1.2) [28], FCC, 
Ofcom and ECC’s database-driven CR were discussed as well. Ofcom concluded that in 
the short term the most important mechanism for spectrum detection will be geo-
location [29]. Following this, it also investigated the key issues in a geo-location 
approach in [30] and proposed in detail the implementation of the geolocation process in 
[31]. These current trends on database approach are clearly organized in the latest 
paper [32] as well. This trend, however, does not mean that the spectrum sensing is not 
worthy of attention any more, but it is a starting point of implementing CR in real world. 
It is obvious that spectrum sensing is one of the key enabling techniques for CR, 
especially when CR operates in self-organized way. 

Spectrum sensing for CR requires devices with high sampling rate, large dynamic range, 
high-speed signal processor, and low noise figure [33], [34]. Also, spectrum sensing 
should be able to sense over a wide spectrum band to utilize any opportunity, which 
imposes the complexity and the radio frequency (RF) components such as antennas and 
amplifier. There are many other challenges for spectrum sensing. For example, the 
sensing and transmission durations should be optimized for the effective secondary 
usage of the unoccupied spectrum bands. Also, according to the characteristics of legacy 
system, sensing frequency should be chosen carefully. Those parameters bring a tradeoff 
between the reliability and utilization. Spectrum mobility is another big issue for 
spectrum sensing. The secondary user should leave the spectrum bands as soon as 
possible when the legacy user starts using that spectrum band. This process requires 
that the secondary user should constantly scan the spectrum resources while 
transmitting for identifying another spectrum band to jump. Therefore, it would be 
recommended to add an extra RF front-end dedicated to the sensing the WSp from a 
design perspective, which is not a simple problem. 

For a variety of reasons, spectrum sensing is not only difficult from a technical aspect, 
but also it tends to miss the opportunity to transmit and it is prone to be too 
conservative due to stringent regulatory requirements for the protection of legacy 
systems. The FCC, Ofcom and ECC have reported similar problems in their final rules on 
CR, and mentioned that utilizing only the spectrum sensing may be a major obstacle for 
the spread of opportunistic spectrum access through CR. They said that CR devices could 
use either sensing or geolocation databases for finding WSp, though the sensing levels 
required for sensing-based CR are very difficult to be implemented with the current 
technology. The database will offer the functions required by the FCC: repository, 
registration, etc. Recently, the FCC has designated 10 commercial entities -Comsearch, 
Frequency Finder Inc., Google Inc., KB Enterprises LLC and LS Telecom, Key Bridge 
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Global LLC, Neustar Inc., Spectrum Bridge Inc., Telcordia Technologies, Airity Inc. 
(formerly WSdb LLC), and Microsoft Corporation- as TV bands device database 
administrators [35], [36], which are expected to  establish and maintain the databases 
that enable the geolocation approach in CR. They organized so-called white space DBA 
(database administrators) group and have been holding meetings regularly, issuing 
database interoperability specifications and API specifications, etc. [37]. Microsoft 
Corporation has also suggested ‘SenseLess’, which is a database-driven white spaces 
network in its recent work [38]. 

Note that they still encourage further research in the spectrum sensing techniques since 
sensing based CR may be useful for other spectrum bands. Motivated by this, this 
chapter suggests an architecture for database-driven CR where detecting the WSp 
primarily relies on the database. 

4.2 Database-driven Cognitive Radio System Architecture 
Let a cognitive engine (CE) compute the availability of WSp at a given location of the 
secondary user (SU) based on the database using a propagation model. In a different 
approach, the database can make measurements of WSp at all the possible locations of 
the SU while driving a motor vehicle. In this approach, the CE can access the information 
from the database without computing the availability of WSp. However, this solution is 
expensive, because the availability of WSp is collected by taking exhaustive 
measurements that should be repeated according to the characteristic of the primary 
system which changes over time. 

4.2.1 System Architecture 
 

 
 

Figure  4-‐‑1.  System  architecture  for  the  database-‐‑driven  cognitive  radio.  

 

Figure 4-1 illustrates the overall system architecture for the database-driven CR. The 
system architecture consists of three blocks, which are database, cognitive engine, and 
secondary user. 

In the database, there exists information on legacy system and terrain. The contents of 
database are desciribed in detail in 4.2.2. The CE collects the secondary information 
from the SU and generates a map of white space (MoWSp). The SU provides its type of 
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service and location information to the CE. Finally, the SU utilizes the spectrum resource 
opportunistically by following the decision of CE. 

4.2.2 Contents of Database & Cognitive Function 
Legacy System Information 

 The database stores the legacy system information including legacy user location 
(longitude and latitude), height, transmission power, transmission range, usage pattern, 
and receiver information if it is possible. This database should be updated periodically, 
for example, on a daily basis. 

The receiver information may not be stored at the database because the potential 
number of the receivers is huge and changes more rapidly than that of the transmitter. 
Therefore, at least the density of the transmission range is recommended to be 
registered at the database to avoid the worst case of secondary usage. 

Terrain Information 

Terrain information includes the elevation data at any arbitrary location of the area at a 
certain level of interval. The interval determines a resolution of terrain information, i.e., 
the short interval makes high-resolution terrain information. The terrain information can 
be obtained with the help of the already deployed data of Shuttle Radar Topograph 
Mission (SRTM), [39] or Global Land One-km Base Elevation project (GLOBE), [40]. 
SRTM is an international project spearheaded by the National Geospatial-Intelligence 
Agency (NGA) and the National Aeronautics and Space Administration (NASA). SRTM 
obtained elevation data on a near-global scale to generate the most complete high-
resolution digital topographic database of Earth. The GLOBE was established by the 
Committee on Earth Observation Satellites and provides the elevation data measured at 
1 Km intervals across the Earth. 

Secondary Information 

The secondary information consists of the location information and type of service. The 
location information of the SU can be estimated via various locations, which is expressed 
in terms of longitude and latitude, estimation techniques such as the global positioning 
system (GPS). The location information is very important for database-driven CR 
because loss of location information of the SU incurs loss of the WSp. Without knowing 
the SU's location, the CE is forced to be very conservative and determines to use only 
those spectrum bands that are available even in the worst case. A remaining problem is 
the accuracy of the location information. Based on the location and terrain information, 
the CE can estimate whether the SU is located indoors or outdoors. However, the GPS 
may not work perfectly, especially indoors. This causes even worse problem than 
unknown location information because it brings not only loss of the WSp but also 
interference to the legacy system. If the SU is outdoor but is considered to stay indoors, 
it incurs harmful interference to the legacy system; if the SU is indoors but considered to 
stay outdoors, it incurs loss of the WSp. Therefore, the location information should be 
very accurate not to create a confusion of the environment (indoor/outdoor status) of SU. 

The type of service includes the transmission power, transmission range, and service 
duration. That information can improve utilization of the WSp along with the legacy 
system information. Similar to the case of SU's location information, transmission power 
and range information reduce loss of the WSp, which occurs from the conservative action 
for protecting the legacy system. The service duration makes the CE to schedule the 
secondary usage of the unoccupied spectrum bands. Some of the SUs may want a long 
WSp, while others does not. If the CE assigns a short duration of WSp to the SU, which 
needs a long duration of WSp for the service, it causes frequent spectrum handover. In 
CR, spectrum handover is also known as spectrum mobility because the SU should leave 
the spectrum band as soon as possible when the legacy system starts to use it. Frequent 
spectrum handover imposes heavy overheads upon the system for re-searching another 
WSp to jump into. 
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Map of White Space (MoWSp) 

To make the MoWSp, it requires a good radio frequency (RF) propagation model. For 
example, the Longley-Rice (L-R) with terrain propagation model2 is well known as an 
irregular terrain model (ITM). The CE predicts the signal power at all of the possible 
locations using the terrain information and RF propagation model without driving a motor 
vehicular (field test). Comparing the predicted signal power to a certain threshold, it 
determines the availability of WSp and completes the MoWSp. When the SU provides its 
location information and type of service to the CE, the CE guesses the interference to the 
legacy system and then finally determines whether to use that spectrum band or not. 
Note that both of the interweave and underlay usage of the spectrum band [30] are 
considered, which are two common approaches to avoid harmful interference in CR. 
Spectrum interweave and spectrum underlay refer to interference avoidance and 
interference control, respectively. In spectrum interweave, the secondary transmission 
occurs only when the spectrum band is unoccupied by the legacy system. On the other 
hand, in spectrum underlay, simultaneous legacy and secondary transmissions are 
allowed when the interference generated by the secondary devices is below the 
acceptable noise floor for the legacy system. Therefore, even if it is not available to use 
the spectrum band according to the MoWSp, the CE can decide to use it when the 
interference does not exceed the interference limit. 

4.3 Design Principle 
As mentioned above, the terrain information, secondary information, and the MoWSp 
seriously affect the performance of database-driven CR, but have different feature from 
that of the primary system information. The primary system information can be 
discussed in the business area while the other contents of database are the issues of 
technical aspect. Therefore, the design principle will be carefully discussed, especially in 
the aspect of the primary system information in this section. 

4.3.1 Primary System Information 
For the database-driven CR, every primary user (PU), at least the transmitters, should 
be registered on the database. “Registration” is the process that the PU reserves a 
spectrum band and lets the database know its schedule. However, for various reasons, 
there exist over- and under- registered cases. The over-registered case arises when the 
PU falsely registers the spectrum band to secure enough spectrum bands and takes a 
conservative stand about CR. On the other hand, the under-registered case occurs when 
a smaller number of PU than that of active PU are registered on the database. This 
happens when the database is not updated quickly or the CE accesses the database too 
occasionally. Both over- and under- registration are problematic. The over-registration 
causes loss of the WSp and under-registration causes harmful interference that exceeds 
the limited noise floor to the primary system. 

4.3.2 Effect of the Design Principle 
This section examines the effect of primary system information in terms of over- and 
under- registration. The CE finds available WSp in the area of radius 5 kilometers and 
operates in spectrum interweave way. The performance is shown in three cases that the 
transmission range PU is 100, 300, and 500 meters. 

Over-Registration 

For the simulation, we set up the number of true active PU as 10 and vary the number of 
falsely over-registered PU varies from 1 to 5. Thus the total number of registered PU is 
the sum of true active PU and falsely over-registered PU. The over-registration ratio is 

                                            
2Longley-Rice is a method for predicting the attenuation of radio signals for a communications link in the 
frequency range of 20 MHz to 20GHz. http://flattop.its.bldrdoc.gov/itm.html 
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defined as (number of over-registered PU)/(number of total registered PU)  and we 
examined the loss of WSp, calculated as (lost amount of WS)/(total amount of true WS). 

 

Figure  4-‐‑2.  Loss  of  white  space  due  to  over-‐‑registration.  

As seen in Figure 4-2, the loss of WSp increases as the over-registration ratio increases. 
The interesting thing is that longer transmission range of PU incurs more loss of WSp 
than shorter transmission range of PU does. This indicates that the over-registration 
should be treated strictly when the secondary network accesses the spectrum band of 
primary system with long transmission range. 

Under-Registration 

Set up the number of true active PU as 10 and see the performance when the number of 
unregistered active PU among them varies from 1 to 5. The under-registration causes 
collision between the transmission of PU and SU. The under-registration and the collision 
ratio are defined as (number of under-registered PU)/(number of total registered PU)  and 
(collision occurence)/(amount of WS (including falsely determined WS)) , respectively. In 
Figure 4-3, it is shown that as the under-registration ratio becomes higher, the higher 
collision ratio increases. Similar to the over-registration case, the transmission range of 
PU affects on the collision ratio. The collision tends to occur more often by the under-
registration when the transmission range of PU is long. 
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Figure  4-‐‑3.  Collision  due  to  under-‐‑registration.  

4.4 Conclusion 
This section introduced the overall system architecture for the database-driven CR. It 
explained what kind of information should be included in the database and how the 
database can be utilized. Additionally, the effect of over-and under-registration of the PU 
was shown to examine the design principle. From the simulation results the importance 
of accurate registration is presented for detecting WSp and avoiding harmful interference 
to PU. For both of the cases, we concluded that false registration brings worse results of 
the loss of WSp and collision for PU with long transmission range than PU with short one. 
There remain lots of challenges to discuss such as the accuracy of primary system 
information, coexistence of database- and sensing- based CR, and more detail update 
rules for database-driven CR. 
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5 Conclusion 
In this report we investigated how cooperation affects the chance of experiencing a 
spectrum opportunity in cognitive radio systems. In our first information theoretic 
approach we applied a framework based on approximating achievable rate regions. The 
achievable rate region in the AWGN model can be approximated by the achievable rate 
region in the corresponding DSM model, which is in general easier to characterize. We 
considered cooperative and non-cooperative schemes, and we found that the region of 
spectrum opportunity is greatly increased by allowing cooperation between primary and 
secondary system. We expressed the findings in terms of spectrum opportunities, and 
we found that the secondary system experiences an opportunity for a much larger range 
of system parameters. 

Motivated by this result, we investigated a number of typical examples of cooperative 
cognitive radio scenarios. Firstly, we considered two instances of secondary relaying, 
where multiple secondary systems can relay the information for the primary system. The 
primary systems are a TV broadcast system and a cellular system with multiple cells 
using different frequency sub-bands.  

In our first cooperation scheme there exists a cellular system that relays the TV signal. 
This is a special case of cooperation; the primary system data rate is constant and the 
secondary system’s capacity is maximized by splitting the secondary transmission power 
between the relaying of the TV signal and the transmission of its own signal. We 
described the achievable data rates not only for one relay (secondary user) but for a 
whole cellular system. We illustrated the optimal power allocation in a square region 
covered by a cellular system. In the center of the area there is a TV cell with circular 
coverage area. The secondary cells in the TV coverage area, BSp cells, are relaying the 
TV signal. The relaying cells increase the TV signal levels and create a possibility to 
transmit with higher power in the secondary system. The optimization problem was 
defined as how to allocate the power to the BSp and the WSp cells such that the total 
system data rate over all the cells is maximized. 

The optimization results illustrate that with given cost function it is beneficial to generate 
most of the interference from the WSp cells. For the same interference level at the TV 
receivers the WPs cells use higher transmission power than the BSp cells. The achievable 
capacity in the WSp cells is higher and therefore the total capacity of the system will be 
maximized. Based on our result, one could derive a system design rule according to 
which the BSp transmitters only relay the TV signal and do not transmit any secondary 
signal at all. The additional interference resource, created by retransmission, is filled by 
increasing the transmission power of the WSp transmitters. 

In the second case, we considered a cooperation scheme where the secondary users are 
relaying the data of the primary cellular network. The secondary systems can operate in 
the frequency sub-bands not used by the primary TDMA cellular system, with slotted 
ALOHA as their MAC protocol. In our second cooperation scheme, the primary system 
gets help from the secondary systems for relaying the primary packets, as a 
compensation for letting them use the unutilized sub-bands. Through the cooperation, 
the interference caused by the secondary users can be mitigated and the performance of 
the primary system can event be improved. This cooperation works especially for the cell 
edge users in the primary system, which should use high transmission power to 
overcome the signal attenuation and the interference from neighboring cells.  

To see the effect of the cooperation, we compared the data rate of the cooperation case 
with that of the coexistence case, defining the gain from cooperation as the ratio 
between the transmissible number of bits per slot in cooperation and that in coexistence. 
We have found that relaying packets for the primary system increases the uplink 
performance of the primary system, compensating the increased interference. There also 
exists the optimal number of secondary nodes in the network, which maximizes the 
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cooperation gain. The results show that the capacity of the primary network can be 
improved by the cooperation in cognitive radio networks. 

Furthermore, we assessed the requirements on the database in a database-driven 
approach to discovering spectrum availability. We described a generic system 
architecture and discussed the design principles, especially in terms of the primary 
system information. Numerical simulations were performed to show the effect of the 
over- and under- registration of the primary users on the database. We have found that 
the loss of WSp and the collision for primary users increases with the ratio of over-
registration and under-registration of primary users, respectively. These results from 
false registration get worse with the primary users having longer transmission range. 

Overall, our report reveals that the chance of experiencing a spectrum opportunity and, 
hence, the system performance can be greatly increased by introducing cooperation to 
the cognitive system. 
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Appendix A   
Before we present the proofs of our results, we prove the following lemma. 
 
Lemma 1 
Transmitting over the DSM point-to-point channel y = [[h]x]  by using only transmit 

symbols x  in a square of length a = 1/ ( 2r) ≤1/ ( 2 )  we can achieve a rate of 
R = 2 log | h | −2 log r −10.  (A-1) 

Proof.  Since R < 0  for | h | /r < 32 , we consider only the case | h | /r ≥ 32 . 
To achieve the rate R  it is sufficient to use code words of length 1. The challenge is to 
find a subset of transmit symbols x  that do not merge at the receiver. At this point, we 
assume that the received signal is y = [h]x , that is we neglect the outer rounding. 
Furthermore, we disregard the discreteness of the transmit signal x . We will account for 
both effects in a later step. Hence, the transmitter can transmit any of the values 
x = xRe + jxIm  with xRe, xIm ∈[0,1 / ( 2r)] . This square of transmit values translates into a 

square of receive values y  with length | [h] | /( 2r) ≥| h | /(2r) . The square of receive 
symbols is depicted as a dashed square in Figure 5-1. 
We ask how many symbols can fit into this square. At this point we have to regard the 
outer rounding operation. The rounding can alter both real and imaginary part of the 
received symbol by at most 1 in either positive or negative direction. Hence, the result of 
the rounding can lie anywhere within a square of length 2, depicted as a solid square in 
Figure 5-1. We stack these squares into the dashed square of possible receive symbols, 
where we have to account for a possible rotation due to the complex channel gain. 
Now, we account for the discreteness of the transmit symbols. Because of this, we 

|h|

2r

!

2

1

Figure  5-‐‑1:  Sketch  of  stacking  procedure  in  the  proof  of  Lemma  1 
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cannot stack the squares as dense as desired. The worst-case gap between two squares 
equals the maximum possible distance of two receive symbols. 

Consider two neighboring transmit symbols ′x , ′′x  with | ′x − ′′x |= 2−n / 2 . The distance 
before the rounding operation is at most 

[h] ′x − [h] ′′x  ≤ | h | 2−n

2
 ≤ | h |

2
2−(logmax(|hRe|,|hIm|)−1) ≤ | h |

2
2− log(|h|/ 2 )+1 = 2,  (A-2) 

where the second inequality is due to (2-5). 

The rounding operation can increase the distance between [[h] ′x ] and [[h] ′′x ]  at most 

by 2 , hence 

δ = [[h] ′x ]− [[h] ′′x ] ≤ 2 + 2.  (A-3) 

The gap is denoted by δ  in Figure 5-1. 

The number of symbols we can stack in the square is, thus, 

N ≥ | h | /(2r)
2 2 +δ

⎢
⎣⎢

⎥
⎦⎥
2

≥ | h |
r(6 2 + 4)

−1
⎛
⎝⎜

⎞
⎠⎟

2

> | h |
32r

⎛
⎝⎜

⎞
⎠⎟
2

,  (A-4) 

where the last inequality holds for | h | /r ≥ 32 . 

Noting that R = logN  yields the result. 

 

A.1 Proof of Result 3 
Lemma 1 is sufficient to prove Result 3. The primary transmitter uses the full set of 
channel inputs, that is, r = 1. The secondary receiver knows the primary transmit signal, 
it can therefore subtract the primary interference. However, it may not inflict any 
interference on the primary receiver. Hence, all used transmit symbols xs  must merge. 
Merging is guaranteed if | [hsp ]xs |≤1. We find 

| [hsp ]xs |≤
[hsp ]
2r
(1+ j) ≤

| hsp |
r
,  (A-5) 

hence, r ≥| hsp |  guarantees merging. Note that r ≥1 , hence the secondary system 

cannot profit from | hsp |≤1. 

A.2 Proof of Result 1 
Again, the primary transmitter uses r = 1 . Since Rs < 0  for | hss | /(r | hps |) < 32 , we 

consider only | hss | /(r | hps |) ≥ 32 . We find the achievable rate Rs  of the secondary system 

by following the proof of Lemma 1. The only difference is the primary interference, which 
forces the secondary transmitter to use fewer transmit symbols.  
Consider 

[hps ]xp⎡⎣ ⎤⎦ ≤| hps |
|1+ j |
2

=| hps |,  (A-6) 

hence, the primary interference is constrained to a square of length | hps | . Like in the 

proof of Lemma 1 we account for rounding by increasing the length by 2. Now, we are 
stacking squares of length | hps | +2 . Consequently, the number of squares we can stack 

is 
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N ≥
| hsp | /(2r)
2(2+ | hps |)+δ

⎢

⎣
⎢
⎢

⎥

⎦
⎥
⎥

2

≥
| hsp |

r(6 2 + 4 + 2 2 | hps |)
−1

⎛

⎝
⎜

⎞

⎠
⎟

2

≥
| hsp |

r | hps | (8 2 + 4)
−1

⎛

⎝
⎜

⎞

⎠
⎟

2

>
| hsp |

32r | hps |
⎛

⎝⎜
⎞

⎠⎟

2

.

 (A-7) 

Like in the previous proof, r ≥| hsp |  is the criterion for not inflicting interference on the 

primary receiver. This yields the result. 

A.3 Proof of Result 4 
Similar to the formulation of Lemma 1 we prove that the secondary system in the CIFC 
can achieve a rate of 

Rs = 2 log | hss | −2 log r −11,  (A-8) 

by using only transmit symbols x  in a square of lengtha = 1/ ( 2r) ≤1/ ( 2 ) . 

Since this rate is positive only for | hss | /r ≥ 32 2 , we consider only this case. 

The secondary receiver receives the superposition of the intended signal [[hss ]xs ] and the 
interfering signal[[hps ]xp ], depicted in Figure 2-1 as the solid square and the arrow, 

respectively. The secondary receiver cannot separate the signals, hence, the secondary 
transmitter has to choose xs  carefully to combat interference. The secondary receiver 
employs a rectangular quantization function depicted as dashed lines. The quantization 
should not be confused with the rounding operation of the channel. The secondary 
transmitter knows both the quantization function and the primary transmit signal xp . 

Thus, it knows the outcome of the quantization function, and by picking the right 
transmit symbol xs  it can compensate for the primary interference. 

It remains to find how many different symbols can be conveyed reliably to the secondary 
receiver. As we saw in the proof of Lemma 1, the solid square of receive symbols has a 
length of at leastar ≥| hss | /(2r) . The quantization has to be sufficiently fine so that at 
least one quantization region is completely covered by the solid square. The worst-case 
configuration is shown in Figure 5-2, hence,  

gq =
ar
2 2

= | hss |
4 2r

 (A-9) 

is a feasible choice. 

As before, the discreteness of the transmit symbols permits the generation of every 
possible receive symbol. Furthermore, it depends on the interference xp  whether a given 

symbol can be generated or not. Hence, we have to define regions of receive symbols at 
the secondary receiver that are interpreted as a single code word. In the proof of Lemma 
1 we found that two receive symbols can be separated by at mostδ ≤ 2 2 .  
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By accounting for possible rotations we see that any square of length 2δ  contains at 
least one receive symbol. Finally, the secondary system can use at least 

Ns ≥
gq
2δ

⎢
⎣⎢

⎥
⎦⎥
2

≥ | hss |
16 2r

−1⎛
⎝⎜

⎞
⎠⎟
2

≥ | hss |
32 2r

⎛
⎝⎜

⎞
⎠⎟
2

 (A-10) 

code words, which yields (A-8). 

To achieve Result 4, we choose r =| hsp | . This guarantees that all symbols transmitted by 

the secondary transmitter merge at the primary receiver. Hence, the primary system can 
operate in point-to-point mode. 

A.4 Proof of Result 6 
To prove the result, we start at (A-8) as found in the previous proof. In this case, we 
choose r = 1  to let the secondary system operate close to its point-to-point rate. Since 
the secondary transmitter does not avoid interference, the primary receiver receives 
interference from the secondary transmitter, hence, the primary receiver has to 
decrease the density of transmit symbols. As in the proof of Result 1, we stack squares 
of size | hsp | +2  into the square of receive symbols that has a length of | hpp | /2 . Similar 

to (A-4) we find 

Np ≥
| hpp | /2

2(| hsp | +2)+δ

⎢

⎣
⎢
⎢

⎥

⎦
⎥
⎥

2

>
| hpp |
32 | hsp |

⎛

⎝⎜
⎞

⎠⎟

2

,  (A-11) 

where we used | hpp | / | hsp |≥ 32 . 

A.5 Proof of Result 5 
In this case, the secondary receiver can subtract the primary interference. Furthermore, 
is uses the scheme of Lemma 1 with r = 1 . The primary transmitter can use r = 1, since 
it does not inflict any interference on the secondary receiver. However, due to the 
secondary interference, the primary transmitter has to reduce the density of the transmit 
symbols. We follow the proof of Result 1 in Appendix A.2 with r = 1  to show the result. 
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Figure  5-‐‑2:  Illustration  of  the  quatization  function  used  in  the  
proof  of  Result  4. 


