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Abstract: 
This deliverable describes a collection of signal processing and resource allocation 
algorithms under different reference scenarios in cognitive radio based on directives, 
decisions and constraints from the decision engine. Either the operation of the decision 
engine and the execution engine is decoupled by constraints and requirements formulated 
by the decision engine in terms of interference temperature constraints, guard bands, or 
spectral masks, or the decision and execution tasks are optimized jointly. In the first case, 
the decisions can be made without considering a certain hardware platform or 
transmission technique of the cognitive system. The task of the execution engine is then to 
map the constraints to the specific platform and to the available transmission techniques. 
In the second case, a close cooperation between both engines is required and the 
complexity as well as performance is increased.  
 
Firstly, the most relevant models of coexistence of cognitive radio systems and legitimate 
systems are introduced, including interweave cognitive radio systems, underlay cognitive 
radio systems, and overlay cognitive radio systems, with the most relevant transceiver 
techniques in specific scenarios. For interweave cognitive radio, factors affecting the 
spectrum sensing reliability are introduced, including real-time operation and robustness 
to channel variations, and primary user protection mechanisms and rules are explained. 
For underlay cognitive radio, the interference constraint of the primary users can be met 
by using multiple antennas to guide the secondary signals away from the primary 
receivers, or UWB technique, where coding shaping and pulse shaping are illustrated for 
spectrum shaping in Impulse-Radio-based UWB, and coexistence requirements and 
capabilities of OFDM-based UWB systems were investigated. For overlay cognitive radio, 
cooperation strategy between the primary and secondary system on the transmitter side 
or the receiver side is introduced.  
 
Then, decision parameters and the influence of the execution algorithm on the physical 
layer are described, including the constraints and requirements formulated by the decision 
engine, which define the interface between decision and execution. For the network layer, 
end-to-end delay/throughput, mobility management and traffic classes are introduced and 
how they are mapped to the physical layer are described. For the MAC layer, rate/delay 
requirements, queuing and stability are introduced and how they are mapped to the 
physical layer are described. For the physical layer, spectrum sensing, channel coding and 
decoding, rate splitting and successive decoding, and channel state information 
acquisition are introduced and how they are mapped to the hardware parameters are 
described. 
 
At last, several signal processing and resource allocation algorithms are explained, 
including optimal beamforming in MISO cognitive channels with noncausal primary 
message, distributed power control for cognitive radios with primary protection via 
spectrum sensing, precoding of UWB signals by Time Reversal. The performance of 
algorithms is evaluated through simulation, and implementation complexity and 
feedback/control requirements are analysed. 
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1. Introduction 
WP13 implements the directives and decisions from the decision engine on all relevant 
layers of the protocol stack, from network layer, MAC, to the PHY layer. Since different 
hardware platforms are addressed, the directives need to be mapped to hardware 
parameters and concrete physical parameters of the radio frontend. WP13 is the interface 
between the execution engine and the real implementation on a specific hardware platform. 
 
The traditional approach to analyse and design complex communications systems is layering 
and modelling of a small part of the system in an idealized way. In a cognitive radio system, 
the most challenging and important impact is created by interference on the physical layer. 
Therefore, a careful modelling of the interference created in different operation modes of 
cognitive radio systems is required. Based on the interference model and a set of carefully 
selected system parameters, the achievable performance is characterized. The achievable 
performance is then used as input to the decision engine.  
 
A dependency cycle between the decision engine and the execution task is identified. 
Obviously, the execution depends on the orders and instructions of the decision engine. 
Furthermore, the parametric model of the executed communication scenario is required by 
the decision engine to decide on the operation mode and resource allocation. There are two 
possibilities to resolve the cyclic dependency: Either the modelling and parameterization 
task is separated from the decision by defining static execution strategies and a clear 
interface, or an iterative joint optimization process is developed. It depends on the 
complexity and constraints which method is preferred. In both cases a certain operating 
point is required either for an initial staring point or for a static execution strategy.  
 
The interface between decision engine and execution engine is briefly described and the 
relationship to the deliverable structure is discussed in the following. The execution engine 
works on different cognitive radio system scenarios (interweave, overlay, and underlay). 
Each scenario is described by a set of parameters and constraints. The scenarios and their 
parameters are discussed in Section 2. The mapping from decision engine directives to 
execution can be understood as an order, which consists of a choice of the scenario and an 
instantiation of the corresponding parameter set. The parameter sets which are used to 
define the directives are proposed and studied in Section 3. Finally, the achieved 
performance for instantiated parameter sets needs to be computed and should be available 
to the decision engine. In Section 4, for each scenario one representative example is 
provided in order to understand how the transceiver structure influences the choice of the 
parameter sets and the achievable performance. Section 5 concludes the deliverable. 
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2. Cognitive Radio Paradigms and Concepts 
In the following, the most relevant models of coexistence of cognitive radio systems and 
legitimate systems are introduced. 

2.1 Interweave Cognitive Radio Systems 
An interweave cognitive radio is an intelligent wireless communication system that 
periodically monitors the radio spectrum, intelligently detects occupancy in the different 
parts of the spectrum, and then opportunistically communicates over spectrum holes with 
minimal interference to the active user. Cognitive user transmits simultaneously with a non-
cognitive user only in the event of a false spectral hole detection. Cognitive user’s transmit 
power is limited by the range of its spectral hole sensing. 
 
In the case of interweave Cognitive Radio (CR) systems, Secondary Users (SUs) utilize vacant 
Primary Users (PUs) spectrum for their own communication purposes. This accentuates the 
necessity of reliable detection of the available spectrum currently not utilized by any PU. 
Inaccurate detection can result in excessive interference to the PU systems and can severely 
affect their performance. A possible method for vacant spectrum (i.e. PU absence) detection 
is spectrum sensing that utilizes techniques which strongly rely on signal processing. There 
are several spectrum sensing techniques [1], which differ according to the amount of 
needed a priori information for proper operation, implementation complexity, accuracy etc.  
 
There are numerous factors affecting the spectrum sensing reliability. The most essential 
ones are real-time operation and robustness to channel variations depending on the device 
performance and the channel state. The sensing period and the computational complexity 
have a strong influence on the real-time sensing capabilities, e.g. long sensing periods or 
methods with higher computational complexity increase the detection performance, but 
decrease the real-time operation. The robustness to channel variations is mainly influenced 
by the impact of the noise and the fading, which may affect the reliability and the 
performance of the spectrum sensing techniques. Many solutions propose to mitigate the 
negative noise and fading effects by introducing complex signal processing techniques as 
well as cooperation between multiple sensing devices. 
 
As already elaborated, real-time operation is a vital reliability factor of any spectrum sensing 
technique which is tightly correlated with its detection performance. For example, in the 
case of AWGN channel, the detection performance of the conventional energy based 
detector [1][2], which uses only the power of the received samples, increases when the 
number of sensed samples increases 

  (2.1.1) 

  

 

  (2.1.2) 

where Pd, Pf, N,  and  represent the probability of detection, probability of false alarm, 
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 and denote the generalized Marcum Q-function, Gamma and incomplete Gamma 
functions, respectively. Equation (2.1.2) shows that higher number of sensed samples can 
be obtained either when increasing the sensing time or the sampling frequency of the 
device 
  (2.1.3) 

where  and , denote the sampling frequency and the sensing time, respectively. Hence, 

the spectrum sensing techniques cannot use very long sensing periods in order to stay in the 
boundaries of real-time operation. The same conclusions, about the real-time operation, 
can be made for all types of energy based detectors (e.g. eigen value detector, Higher Order 
Statistics - HOS detector etc.).  
 
In the case of feature detection techniques, the real-time operation reliability factor is also 
related to the sensing time and the computational complexity. Longer observation times 
usually result in higher reliability since the feature based sensing techniques exploit the 
correlation properties of the PU signal type. However, [3] proves that the length of the 
sensing time of a cyclostationarity based detector, needed for reliable PU detection, is 
significantly small and satisfies the real-time requirements. On the other hand, the 
computational complexity can have a significant impact on the real-time performance of 
feature based spectrum sensing techniques. Due to the complex mathematical operations, 
these spectrum sensing techniques require devices with high processing power. Compared 
to the energy based, feature based techniques prove to struggle more in terms of the real-
time reliability factor.  
 
In the concept of cooperative spectrum sensing [1], the bottleneck of the real-time 
reliability is due to the small bandwidth of the control (reporting) channel. Large number of 
cooperative nodes can easily congest the control channel and increase the reporting time, 
thus decrease the real-time reliability of the sensing technique. For example, if the 
bandwidth of the control channel is B and the number of users is N then the reporting time 

 will be defined as 

  (2.1.4) 

It is evident from (2.1.4) that higher number of cooperating nodes can substantially increase 
the reporting time especially if the control channel bandwidth is small (which is usually the 
case in cooperative spectrum sensing). 
 
As previously mentioned, another essential reliability factor of the spectrum sensing 
techniques is the robustness to channel variations in terms of noise and fading. It is proven 
that in noisy environments the conventional energy detection underperforms due to the 
noise uncertainty [1]. In this case, if the noise level is not precisely known, the detection 
becomes impossible for low signal levels. More sophisticated energy based detection 
techniques (e.g. eigen value detector, HOS detector etc.), feature based detectors, as well as 
cooperative spectrum sensing techniques overcome the noise uncertainty problem and 
provide reliable performance in cases of highly noised channels. For instance, the detection 
performance (probability of detection and probability of false alarm) of an energy based 
cooperative spectrum sensing technique that utilizes the Equal Gain Combining (EGC) fusion 
rule [2] are given with 
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  (2.1.5) 

  (2.1.6) 

where K denotes the number of users, while the other parameters are the same as the ones 
previously defined in equations (2.1.1) and (2.1.2).  When comparing equations (2.1.1) with 
(2.1.5) and (2.1.2) with (2.1.6), it is evident that the noise uncertainty problem diminishes if 
the number of cooperating nodes is sufficiently high.  
 
Another parameter that can have severe impact on the reliability of the spectrum sensing 
techniques is the channel fading. When a single node is used for spectrum sensing, fading 
environments can substantially decrease the spectrum sensing reliability regardless of the 
spectrum sensing technique. The cooperation among nodes in a cognitive radio network i.e. 
cooperative spectrum sensing can help overcome the fading drawback since it introduces a 
form of spatial diversity that results in collaboration gain [1]. Correlated shadowing is 
another feature that can affect the spectrum sensing reliability especially when considering 
cooperative spectrum sensing. The correlation between the sensed data of spatially 
distributed nodes is dependent on the distance among the nodes. In correlated 
environments (e.g. log-normal shadowing), the nodes should be physically separated on a 
distance that provides the satisfactory gain. However, they should be also close enough in 
order to actually cooperate. Therefore, node selection is a vital process that enhances the 
performance of cooperative spectrum sensing in correlated shadowing environments, but 
can significantly increase the system and deployment complexity.  
 
There are many incumbent primary communication systems (e.g. DTV, radar, DME etc.) 
which implement sparse frequency planning with large interference margins. This leads to 
an underutilization of frequency spectrum in a given geographic area and an SU operating 
on a vacant frequency spectrum chunk at relatively low power level would not need a great 
separation from co-channel and adjacent channel PUs to avoid causing interference. This 
opportunistic operation of SUs in the interleaved spectrum holes is conditioned on their 
ability to avoid harmful interference to licensed PUs of these bands. Therefore, the SUs 
must be aware of the geographical and frequency characteristics of the primary system 
within the area of current location. However, the SUs must also incorporate certain 
regulatory rules which govern the particular frequency band and geographical location.  
 
For example, the FCC rules [4][5][6] define a fixed permitted maximum transmit power for 
different types of TV white space devices. The maximum Equivalent Isotropicaly Radiated 
Power (EIRP) for a fixed TV white space device with an antenna height below 30 m is 39 dBm. 
For a mobile device, the EIRP limit is 20 dBm. There is an additional protection distance in 
which white space devices are not allowed to operate at all on the same channel around 
each TV transmitter coverage area. Outside this area, the permitted transmit power 
immediately goes up to the maximum allowed value. The FCC rules also forbid white space 
device usage in the first adjacent channel to an occupied DTV channel, but in this case the 
protection distance is smaller. For a white space device with antenna height between 10 m 
and 30 m, the added co-channel protection zone is 14.4 km and the adjacent channel 
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protection zone is 0.74 km. Beyond the first adjacent channel there are no limitations from 
the viewpoint of one particular transmitter.  
 
On the other hand, the ECC rules [7] allowed SUs to transmit at different power levels based 
on their distance to the coverage area. The protection principle is implemented as a 
boundary condition of the maximum transmission power. The method developed by SE43 
calculates the permitted maximum transmit power for a white space device at a given 
location. The calculation lays on the given permitted degradation of location probability for 
TV reception. Furthermore, the ECC has left specification of white space device spectrum 
masks to manufactures, while FCC has prescribed stringent masks. 
 

2.2 Underlay Cognitive Radio Systems 
The underlay paradigm mandates that concurrent noncognitive and cognitive transmissions 
may occur only if the interference generated by the cognitive devices at the noncognitive 
receivers is below some acceptable threshold. The interference constraint for the 
noncognitive users may be met by using multiple antennas to guide the cognitive signals 
away from the noncognitive receivers, or by using a wide bandwidth over which the 
cognitive signal can be spreaded below the noise floor, then despreaded at the cognitive 
receiver.  
 
In general, for underlay CR settings the degradation in terms of quality of service (QoS) to 
the primary user is a critical aspect. In [8] interference temperature constraints (ITC) [9] 
were used to measure and limit this effect. In a multiple antenna system, the ITCs are 
distinguished in soft- and peak power-shaping constraints [10]. These constraints refer to 
the maximum average power and average peak power tolerated at the primary receivers, 
respectively. [11] considers the setting of a single secondary user sharing the same spectral 
band with multiple primary users. The authors provide optimal transmit beamforming 
strategies under ITCs for the secondary user. Furthermore, [12] characterizes the Pareto 
boundary of the multiple-input single-output (MISO) interference channel (IFC) through 
controlling the ITCs at the receivers. Convex optimization techniques for solving CR 
problems are studied in [13]. The coexistence of a single-input single-output (SISO) primary 
link and a MISO secondary link is considered in [14], where the achievable secondary rate is 
optimized under the primary rate constraint, assuming the primary link does not fully load 
its rate to achieve the Shannon capacity with equality, but there is room that can be 
exploited by spatial shaping (beamforming) at the secondary transmitter. Moreover, when 
successive decoding is viable at the secondary receiver, rate splitting at the secondary 
transmitter increases the achievable secondary rate compared to single-user decoding at 
the secondary receiver. 
 
Another approach is underlay communication systems based on the Ultra Wide Band (UWB) 
transmission technology. UWB systems rely on the emission of signals characterized by a 
low power spectral density spread over a wide bandwidth.  UWB signals can be broadly 
divided in the following two families 

• Impulse Radio UWB (IR-UWB), where the large bandwidth required to meet the 
definition of UWB signal set by regulation authorities is achieved by transmitting 
short pulses (with typical duration in the order of 1 ns); 
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• OFDM UWB, where the large bandwidth is obtained by transmitting over a wide set 
of relatively narrowband subcarriers (e.g. 128 4 MHz sub-bands in the WiMedia 
standard). 

 
Despite the good coexistence capabilities guaranteed by their spectral properties, UWB 
devices can still have a significant impact on narrowband systems; extensive studies showed 
for example the potential impact of UWB signals on GPS receivers, and led to the definition 
of emission masks that forced UWB devices to adopt extremely low power levels in the GPS 
band [15], [16]. Coexistence capabilities of UWB devices can however be significantly 
improved by taking advantage of spectrum shaping techniques combined with spectrum 
sensing, leading to UWB systems that adapt to the interference environment by sculpting 
the spectrum so to limit or avoid emissions in spectrum bands used by narrowband systems. 
Both spectrum sensing and spectrum shaping techniques depend of course on the specific 
characteristics of the selected UWB signal (IR vs. OFDM). 
 
In the case of IR UWB signals the spectrum shaping can be achieved by acting on two key 
signal components: the code (typically, but not necessarily, a Time Hopping code adopted in 
combination with a Pulse Position Modulation scheme) or the pulse shape adopted at the 
transmitter. It can in fact be shown that the Power Spectral Density of the transmitted signal 
can be written as follows [17], [18]:  

 ( ) ( ) ( ) ( )21
s x

s

P f C f P f P f
T

=  (2.2.1) 

 where 
• Ts is the pulse repetition period adopted in the UWB signal; 
• C(f) is the spectrum associated to the code; 
• P(f) is the spectrum associated to the pulse;  
• Px(f) is the spectrum associated to the transmitted data x.  

 
Pulse generation in general is a problem widely covered in the literature with respect to 
implementation efficiency and accuracy, aiming at encoding information in the pulse shape 
itself: see for example [19], [20]. Moving to the specific problem of addressing coexistence 
issues by means of pulse shaping, several algorithms for selecting the best pulse shape given 
external constraints set by regulation and/or interference profiles were proposed in the 
literature. In [21] an algorithm for the generation of the pulse to be adopted in a Time-
Hopping Impulse Radio UWB system was proposed, where a linear combination of pulses 
obtained as the derivatives of the Gaussian pulse was introduced. A heuristic approach was 
proposed to determine the values of the coefficients, based on the definition of a emission 
mask to be met by the transmitted pulse, the mask being the result of constraints imposed 
by the regulation (e.g., avoiding the GPS band) or resulting from the presence of other 
wireless services, (e.g. WiMax). Figure 2-1 provides an example of a emission mask taking 
into account coexistence requirements. The algorithm proposed in [21] generates linear 
combinations of the base pulses and selects the resulting pulse shape that minimizes the 
quadratic distance from the emission mask. 
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Figure 2-1: Example of emission mask determined by coexistence requirements 

imposing to avoid ISM bands in the 900 MHz, 2.4 GHz and 5.8 GHz bands. 

Authors in [22] face the problem of selecting the pulse by modelling the mask 
approximation problem as a filter design problem, assimilating the pulse response to a 
desired FIR filter impulse response. The problem is solved by defining an iterative algorithm 
based on information exchange between transmitter and receiver that leads to repeatedly 
execute the Parks-McLellan algorithm for the determination of the required pulse shape, 
until all constraints set by regulation, interference and synchronization errors are met. In 
the case of the code, several solutions were proposed in the literature for designing codes 
that increase the coexistence capabilities of an UWB signal. 
 
Code design adds an additional opportunity to meet coexistence requirements when pulse 
shaping cannot efficiently be used to address such issue. In [16] authors propose to design 
the pulse shape so to meet the emission mask set by the FCC, delegating to the code design 
all additional coexistence constraints, to be met by forcing nulls in the UWB spectrum at 
frequencies used by other narrowband systems. The code is applied by means of 
coefficients weighting different Gaussian pulses, so that the coded signal is a weighted sum 
of such pulses spaced by a pulse repetition period. Authors in [16] show that the proposed 
approach can be used to generate nulls at desired frequencies while guaranteeing to meet 
the FCC emission masks. 
 
A different approach was developed in [23], where a spreading code is applied to the phase 
of the UWB signal, leading to a higher robustness of the UWB link to the presence of 
narrowband interference by reducing the impact of interferers with carrier frequencies 
close to the carrier frequency of the UWB link. 
 
Coexistence requirements and capabilities of OFDM-based UWB systems were investigated 
as well, in light of the definition of the WiMedia industrial standard [24]. MB-OFDM UWB 
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systems provide a clear advantage over IR-UWB in terms of sensing capabilities. The FFT and 
IFFT blocks used for the generation and reception of the UWB OFDM signals can in fact be 
adapted in a straightforward manner to be used for spectrum sensing allowing the UWB 
devices to determine the presence of coexisting systems with a spectral resolution at least 
equal to the sub-carrier spacing in the UWB signal. Oppositely, sensing in IR-UWB systems 
can be more difficult due to the impossibility to identify which specific frequencies over the 
wide bandwidth of the UWB front-end filter are actually affected by interference. 
 
In [25] the authors analyse the problem of coexistence between MB-OFDM UWB signals and 
WiMax signals in the 3.5 GHz band. A sensing scheme based on the use of the FFT block at 
the receiver is proposed, and a-priori information on the spectral characteristics of the 
uplink WiMax signal (based as well on a OFDM transmission scheme) is adopted in order to 
formulate the decision problem on the presence of such signal. Results show that high 
accuracy in detection of WiMax signals can be obtained with a few tens of samples, with a 
miss-detection probability as low as 10-6. 
 
In [26] a similar application scenario is considered, but the analysis extends to impulsive 
UWB systems as well, including both Time Hopping and Direct Sequence coded UWB signals. 
Results presented in [26] suggest that MB-OFDM UWB signals lead to lower interference 
levels to WiMax receivers compared to both TH-IR-UWB and DS-IR-UWB signals. 
 
Finally, in [27], a coexistence scheme between MB-OFDM UWB devices and IEEE 802.11a 
networks is proposed. The scheme relies on the sensing feature inherently provided by the 
MB-OFDM physical layer in order to detect the presence of an IEEE 802.11a network 
(corresponding to the presence of interference over 5 contiguous sub-bands) and proposes 
the following two solutions in order to improve coexistence 

• An adaptive Frequency Hopping scheme that avoids the bands where the affected 
sub-bands lie; 

• In case all bands are affected by interference (making the adaptive FH scheme 
ineffective), a selective use of sub-bands, aiming at avoiding the sub-bands impacted 
by the narrowband interference at the price of a slightly reduced data rate. 

 

2.3 Overlay Cognitive Radio Systems 
Cognitive radio systems that have cooperation with the primary system as key feature are 
typically denoted as overlay cognitive radio system. In general, spectrum overlay refers to 
the situation where the primary system changes its transmission strategy to involve the 
secondary system and to set up cooperation. Cooperation between the primary and 
secondary system can be established for example on the transmitter side or the receiver 
side. 
 
Transmit cooperation requires that the secondary system is aware of the primary signal 
parameters and is capable of decoding and processing primary transmissions. Consider the 
coexistence of primary and secondary links in the context of an overlay cognitive radio (CR) 
system, where the secondary users try to communicate without disturbing the incumbent 
primary users. In some scenarios it is reasonable to assume that the secondary transmitter 
has access to the message sent by the primary transmitter in a non-causal fashion. For 
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example, whenever the primary transmitter is much closer to the secondary transmitter 
than to its intended receiver, the capacity of the channel to the former is much larger than 
that of the channel to the latter. This allows the secondary transmitter to obtain the 
message in a fraction of the total transmission time. This channel model is known as the 
cognitive radio channel or the interference channel (IFC) with degraded message sets [28]-
[32]. The additional knowledge allows for a form of asymmetric cooperation between the 
two transmitters. For example, one possible strategy is to have the secondary transmitter 
employ part of its resources to help the communication between the primary users, so that 
their communication is not disturbed or is even improved (e.g. in terms of rates). The 
remaining resources are used for private communication to the secondary receiver. 
Moreover, with accurate channel state information, the secondary transmitter can use its 
knowledge of the interference experienced by the primary receiver (or the secondary 
receiver) to pre-cancel it, for example using dirty paper coding (DPC) [33]. This strategy was 
shown to achieve capacity in the weak interference regime in [29] and [30]. In contrast, the 
capacity of part of the strong interference regime was obtained in [31] using superposition 
coding and interference decoding. In many scenarios the associated capacity gains over non-
cooperative transmission could serve as a motivation for having the primary transmitter 
share its codebook and message with the secondary transmitter [32]. 
 
More often, in a typical setup, the primary and secondary systems agree on a cooperative 
strategy, and the primary system transfers the required information to the secondary 
system during an initial transmission phase. In [34], [35], it is suggested that a CR can learn 
the primary message by overhearing primary ARQ transmissions and utilize knowledge of 
the message to perform spectrum overlay during retransmissions of the primary system. As 
an alternative [36] and [37] consider explicit cooperation of the primary and secondary 
systems. In any case, learning the primary message requires the secondary transmitter to be 
passive for certain duration in time, and it leads therefore inevitably to a rate loss for the 
secondary system which may lower the attractiveness of overlay strategies. A cooperative 
transmission (for example using distributed multiple-antenna/space-time and channel 
coding techniques) is then carried out in a second phase. Depending on the chosen 
communication strategy the primary receiver may or may not be changed. The primary 
system potentially gains diversity, throughput, or coverage through this cooperation and 
can save energy. The secondary system on the other hand can utilize the cooperative 
transmission for its own purpose and embed own data in the cooperative transmission. A 
secondary transmitter can for example compensate for and control the interference due to 
embedded secondary data by spending additional power for the message of the primary 
system, by using (multiple-antenna) interference cancelation techniques, or by combining 
both strategies. In this way, secondary transmit opportunities are created. Since the 
effectiveness of transmitter cooperation is limited by the first initial transmission phase, 
transmit cooperation is mostly relevant if the primary and secondary transmitters are close 
and can transfer the primary’s message effectively using high transmission rates and low 
transmit powers.  
 
Receive cooperation can be an alternative strategy if the primary and secondary receivers 
are close to each other such that they can establish efficient communication among them. 
In receive cooperation, the secondary system after decoding its own message can forward 
side information to the primary system. This side information can contain additional 
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information on the secondary’s message which then allows the primary system to decode 
and cancel out the interference from the secondary, or it can forward a compressed version 
of its residual signal after decoding, which can be used by the primary receiver to enhance 
the signal-to-noise-and-interference ratio for the desired signal component. Receiver 
cooperation can essentially provide the same benefits as transmit cooperation; however, it 
requires a modification of the primary’s receiver while the primary transmitter can (but 
needs not to) be ignorant to the cooperation. 
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3. Description of Directives from Decision Engine 
This Section corresponds to the similar section in D12.1. In addition to an enumeration of 
important system and decision parameters, it is described how their instantiation as orders 
and directives influence the execution algorithm on the physical layer. Special emphasis is 
put on the constraints and requirements formulated by the decision engine, since it can 
define the interface between decision and execution. For the discussion on the joint 
optimization of decision and execution engine see Section 1.  

3.1 Mapping directives from network layer to physical layer 
In the network layer, end-to-end delay and throughput, mobility management, and traffic 
classes are metrics important to all the three CR paradigms. How are they mapped to the 
physical layer is described. 

3.1.1. End-to-end delay and throughput 

The relation between higher layers and physical layer is often less evident than the one 
between lower layers and physical layer, but such relation is in any case always present. 
Several metrics related to network and higher layers were introduced in Sections 2.1.3 and  
2.1.4 of [38]. As for network layer, end-to-end delay and throughput were identified as key 
metrics to determine the performance of the network. In terms of such metrics, 
performance goals can be defined as a minimum threshold for end-to-end throughput and a 
maximum threshold on end-to-end delay. Typically, such requirements are fulfilled by the 
combination of routing and flow control, thus restricting actions to the network layer itself: 
the actual performance will in this case mainly depend on the network connectivity and on 
the capacity of the network links. In case of a cognitive wireless network, however, the 
requirements can be addressed by involving the physical layer as well, thanks to the 
potential impact of physical layer parameters on network connectivity. Different transmit 
power levels and, more in general, different transmission parameters (coding, modulation) 
can lead to different network connectivity and different capacity of the available links.  
 
An optimal solution for maximization of end-to-end throughput should thus take advantage 
of the possibilities offered by the physical layer, by taking into account potential capacity on 
each network link. The selection of the optimal route would thus require the selection of 
transmission parameters for each involved link, and the communications of the choice to 
the corresponding physical layer so to actually configure the link. The adoption of such a 
strategy poses however the following open problems 

• the amount of information required throughout the network can be too high to be 
exchanged within a reasonable time with acceptable overhead; 

• the stability of information cannot be guaranteed (especially in the case of a 
cognitive  network where unpredictable external factors can change link capacity 
without control of network devices). 

In most cases this will lead to the adoption of suboptimal solutions, such as solutions that 
take decisions on the basis of local information rather than a global one. 
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3.1.2. Mobility management 

Mobility management, although not traditionally framed in the OSI stack approach, is 
another function that may pose requirements that can be translated directly in physical 
layer directives. Depending on the amount of information about mobility patterns of 
network devices, mobility management may require an adjustment in transmission 
parameters so to avoid or delay connectivity interruptions.  
 
A decision engine aware of all the relevant information would be the ideal place where to 
take such decisions. As an example, the combined knowledge of the relative mobility 
patterns of two devices involved in a communication as well as the remaining time for 
completing such communication could send a directive to the physical layer so to ensure 
that connectivity is maintained until the exchange is completed, avoiding thus service 
interruptions that would be unavoidable without the combination of information coming 
from different functions at different layers. 

3.1.3. Traffic classes 

Different traffic classes may impose different constraints on the underlying network. As an 
example, delay sensitive traffic may lead to the selection of routes involving terminals 
characterized by low traffic and thus lower delay. Several standards define sets of traffic 
classes. This is the case for example of the IEEE 802.11e standard [39], where four classes 
are proposed: Background, Best Effort, Video and Voice. In general, each class is 
characterized by a different priority, and different transmission parameters at the different 
layers, from transport (e.g. maximum and minimum value of the contention window) down 
to MAC (duration of transmission slots) and physical layer (modulation, coding and error 
protection). 
 

3.2 Mapping directives from MAC layer to physical layer 
In the MAC layer, rate requirements, delay requirements, queuing and stability, and fairness 
are introduced, and how are they mapped to the physical layer is described. These metrics 
are more difficult to achieve for interweave CR than for underlay or overlay CR, because the 
secondary users can transmit only when there is vacant spectrum, which is unpredictable. 

3.2.1. Rate requirements 

The MAC layer provides upper layers services in form of logical channels, which can have 
different requirements depending on the type of information a logical channel carries 
(control data or traffic data). It maps as well the logical channels to transport channels 
provided by the physical layer. It typically determines the transport format, which specifies 
how data is transmitted over the radio interface. The transport format in conventional 
wireless systems specifies parameters like channel coding and hybrid ARQ parameters, 
modulation, as well as antenna and resource mapping. In this way, rate requirements are 
communicated to the physical layer. Critical parameters are summarized in the following 
Table 3-1. 
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Parameter Representation Comment 
Coding Rate 𝑅 ∈ [0,1] Specifies the rate of the channel code (number 

of information bits per code bit). 
Code Turbo Code, LDPC 

Code, Convolutional 
Code, etc. 

Specifies which coding scheme is selected. 

Modulation M-PSK, M-QAM, etc.  
𝑀 ∈ [2,4,8,16, … ] 

Specifies the signal space constellation used to 
map coded bits into transmitted symbols 

H-ARQ 𝑅0,𝑅1, … ,𝑅𝑚𝑖𝑛, with 
𝑅0 > 𝑅1 > ⋯ > 𝑅𝑁 

Specifies whether hybrid ARQ is used to resolve 
transmission errors, gives the maximum 
number 𝑁 of retransmissions, and defines a set 
of rates used for the respective retransmission. 

Table 3-1: Transport format from the conventional MAC layer. 

Compared to conventional systems, we can expect that the respective parameters in 
cognitive radio systems can come from larger sets of feasible parameters and have in this 
sense a higher range. Especially the specification of the radio resources (for example 
number of carriers, carrier frequencies, carrier bandwidth, etc.) has to be very flexible. 
Depending on the considered spectrum-sharing paradigm, we can furthermore expect that 
additional parameters describing transmission constraints need to be handed over. These 
constraints can for example describe a spectral mask that controls interference to primary 
receivers in underlay transmissions and limits the out-of-band radiation in interweave and 
underlay systems. In a similar way, one can define a spatial mask to specify how much 
power can be radiated into a specific spatial direction if multiple-antenna techniques are 
used. An example for relevant parameters is given in Table 3-2. 
 
Parameter Representation Comment 
Number of 
Carriers 

𝑁𝑐 Specifies the number of carriers if multi-carrier 
signalling is used. 

Carrier 
Frequencies 

𝑓𝑐1,𝑓𝑐2, … , 𝑓𝑐𝑁𝑐  Specify the centre frequencies of the carriers1

Carrier 
Modulation 

. 

𝐵1,𝐵2, … ,𝐵𝑁𝑐  Specifies the signal space constellation that is 
used to map coded bits into transmitted 
symbols 

Spectral Mask [𝑐1, … , 𝑐𝑁𝑀], 
associated with  
[𝑓1,𝑓2, … ,𝑓𝑁𝑀] 

Specifies threshold values 𝑐𝑘 for power levels, 
etc. at desired frequencies 𝑓𝑘. 

Spatial Mask [𝑐1, … , 𝑐𝑁𝑀], 
associated with  
[𝒅1,𝒅2, … ,𝒅𝑁𝑆] 

Specifies threshold values 𝑐𝑘 for power levels 
radiated into spatial directions 𝒅𝑘. 

Table 3-2: Relevant parameters in a cognitive MAC. 

                                                       
1 Note that the frequencies need not to be orthogonal and that the carriers need not to be ”neighbours”. 
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While the aforementioned extensions of the MAC layer are rather mild, a significant change 
is required for overlay spectrum sharing since here interaction with the primary system is 
required. To illustrate this we discuss in the following changes in the protocol stack that are 
required to set up transmit cooperation with the primary transmitter. Here, we assume that 
the primary receiver is not changed; that is, the cooperative transmission has to be 
transparent to the primary receiver. 
 
We assume that MAC scheduler at the secondary has requested to set up a cooperative 
transmission with the primary and that the primary transmitter accepts the request. Since 
the secondary transmitter is typically subordinated to the primary transmitter and 
interaction is required, part of the scheduling for the secondary transmission is taken over 
by the primary’s MAC scheduler. The primary scheduler provides 

• Specification of coding, modulation, and resources (time and frequency) for the 
initial transmission from the primary transmitter to the secondary transmitter; 

• Specification of coding, modulation, and resources (time and frequency) for the 
primary’s message in the second cooperative transmission to the primary receiver; 

• Constraints for the embedded secondary message in the cooperation phase (for 
example interference power constraints for a particular spatial direction if sufficient 
CSI is available or outage constraints if no or limited CSI is available). 

Based on this, the MAC scheduler at the secondary transmitter selects transmission 
parameters for the secondary’s message (channel coding, modulation, multiple-antenna 
processing) and forwards this information together with the information received from the 
primary transmitter (primary message and transmit parameters) to the physical layer. 

3.2.2. Delay requirements  

Delay requirements are taken into account by the scheduler at the MAC layer when 
parameters for transmission strategies and rates for hybrid ARQ are set. Based on round-
trip times and delays on the feedback channel (which can be assumed to be known system 
parameters) the scheduler can plan how many retransmissions can be carried out for a 
given rate constraint and which rate allocation minimizes the outage probability. Similarly, 
initiating cooperative transmissions with other partners can lead to delays which have to be 
taken into account when scheduling delay-sensitive data. We summarize important 
parameters in Table 3-3. 

 
Parameter Representation Comment 
Maximum Delay 𝐷𝑚𝑎𝑥 Specifies the maximum allowable duration of a 

transmission. 
Round-Trip Time 𝑇𝑅 Specifies the duration in time for a single 

transmission and reception of the response by 
the respective receiver. 

Feedback Delay 𝑇𝑓 Specifies duration in time by which feedback 
from the receiver is delayed. 

Table 3-3: Parameters related to delay requirements. 
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3.2.3. Queuing and stability 

In this subsection, three basic extensions of the usual notion of achievable rate or 
achievable spectral efficiency are provided in the context of cognitive radio systems. Please 
refer to Section 2.1.1.2 in [38] for a brief overview on stability, outage and average 
performance region and the corresponding utility functions for resource allocation.  
 
In order to perform a transmit optimization on the physical layer, we need to define the 
performance metric effective capacity in detail. In [40], the effective capacity is optimized 
for a single point-to-point MIMO link with partial channel state information at the 
transmitter and perfect channel state information at the receiver. Note that the stability 
region for a primary MAC with single cognitive secondary link is considered in [41].  
 
As indicated in Figure 3-1, the queuing behaviour at the transmitter is considered as well as 
the precoding and transmit strategy on the physical layer. Dual to the concept of effective 
bandwidth [43], which models the asymptotic stochastic behavior of source traffic, the 
concept of effective capacity is developed in [44] to model time-varying fading channels. 
This performance metric is constructed in order to involve quality of service (QoS) aspects in 
the resource allocation mechanisms. Determining elements to consider are the queuing 
behavior of the buffer as well as the asymptotic decay rate of its occupancy [44]. 
 

 
Figure 3-1: Queuing at the transmitter. 

The delay, which is a QoS measure, can be described through the probability that the 
occupancy of the buffer is higher than a specific value, say 𝑥. A measure that  represents the 
decay rate of this probability is denoted as the QoS exponent, say 𝜃. This measure is 
formulated as 

   (3.2.1) 

where L follows the equilibrium queue-length distribution of the buffer at the source [40]. 
The effective capacity is defined as [45], equation (4)  

  (3.2.2) 

where 𝑇 is the block-length, 𝑟 is the random variable describing the transmission rate, and 
the expectation operator is with respect to 𝑟. Given a QoS exponent 𝜃0, the effective 
capacity is the maximum constant arrival rate that complies with that QoS constraint. If the 
arrival rate 𝑎 satisfies 𝑎 ≤ (𝜃0), then the perceived QoS exponent 𝜃 satisfies 𝜃 ≥ 𝜃0. The 
performance measure (𝜃) in (3.2.2) is a generalization of the common performance measure 
of ergodic capacity and delay limited capacity. For 𝜃0 → 0, the effective capacity in (3.2.2) 
converges to the ergodic capacity. This case corresponds to less stringent delay-constraints. 
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For 𝜃0 →∞, the effective capacity in (3.2.2) converges to the delay-limited capacity. 
Therefore, the effective capacity represents an interesting measure which considers non-
stringent delay constraints (for finite values of 𝜃0). 
 
The ergodic capacity (mentioned above for 𝜃0 → 0) is often caller average capacity or 
average rate describes the long-term behaviour of the wireless link, i.e., how many bits can 
be reliably transmitted over a long (ergodic) time on the fading channel. Using the notation 
above, it is simply given by E[r]. Note that this performance measure is very rough since 
neither performance nor delay guarantees can be modeled by the average transmission rate.  
A finer performance metric is the outage probability. It describes the probability that the 
system will be in the next channel usage in an outage, i.e., will not achieve the intended 
transmission rate R. In the notation above it is simple Pr[r<R]. For an overview of average 
and outage rates, please refer to [46].  
 
In the cognitive radio context, the three different QoS parameters: effective rate, average 
rate, and outage probability are used to formulate requirements of the decision engine on 
the execution engine in terms of transmit constraints. The constraints are expressed in two 
variants. First, for the primary receivers they describe interference constraints. Second, 
described as QoS requirements for the secondary transmitters. The second scenario is less 
interesting because it corresponds to the typical transmit optimization under QoS 
requirements. Consider that the secondary transmitter receives from the decision engine 
the request to support the QoS requirements of the primary link in terms of average rates 
Rp, outage rates Ro or effective rates Re, then it is sufficient to maximize the secondary 
transmission rate under average rate constraints for the primary link. Here, partial channel 
state information in terms of statistical information is required. The corresponding 
programming problems are  

  (3.2.3) 

where Rs is the rate of the cognitive secondary system, and rp is the instantaneous primary 
rate. The instantaneous primary rate depends on the interference created by the cognitive 
link in the underlay scenario. In the overlay scenario, the instantaneous primary rate 
depends on the interference as well as the cooperative transmission of the cognitive link.  

3.2.4. Fairness  

Channel aware and opportunistic scheduling algorithms exploit the channel knowledge and 
fading to increase the average throughput. Alternatively, each user could be served equally 
in order to maximize fairness. Obviously, there is a tradeoff between average throughput 
and fairness in the system. The optimal strategy for maximizing the sum capacity with 
perfect channel state information (CSI) of a cellular single input single-output (SISO) 
multiuser channel is to allow only the user having the best channel conditions in terms of 
SNR to transmit at each time slot (TDMA). The corresponding scheduling policy is called 
maximum throughput scheduler (MTS) [47]. A major disadvantage of MTS is its unfairness 
toward users at the cell edge. On the other hand, the most fair but channel unaware 
scheduler is the round robin scheduler (RRS), that is, all transmissions take place in a strict 
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numerical order [48]. The MTS and RRS leave room for various channel aware schedulers 
that lie in between these two. In order to increase the fairness for users at the cell edge, the 
so called proportional fair scheduler (PFS) can be applied. The PFS weights the 
instantaneous transmission rates by their averages to find the best user and achieves equal 
activity probability for all users [49]. Yet another scheduler, which is referred to as 
opportunistic round robin scheduling (ORS), is a combination of the RRS and MTS [50]. In 
order to quantitatively measure the impact of the scheduler on the fairness, different 
measures are proposed. The Jain fairness index (JFI), also known as the global fairness index 
(GFI), provides a single number between zero and one that measures the fairness even for 
resource scheduling in finite windows [51]. The average fairness is developed from an 
information theoretic point of view [52]. The worst-case delay measures the average 
number of transmissions needed until all users were active at least m times [53]. In the 
context of cognitive radio, the scheduling fairness of secondary users is more interesting 
than that of primary users which should be taken care of by the primary system. 
 

3.3 Mapping directives from physical layer to hardware parameters 
In the physical layer, spectrum sensing, channel coding and decoding, rate splitting and 
successive decoding, and channel state information acquisition are introduced, and how are 
they mapped to the hardware parameters is described. While spectrum sensing is 
exclusively mandatory for interweave CR, channel coding and decoding is explained 
specifically for overlay CR. Rate splitting and successive decoding, and channel state 
information acquisition are more relevant for underlay and overlay CR.  

3.3.1. Spectrum Sensing  

As previously elaborated in the case of interweave CR systems, the spectrum sensing 
techniques provide the necessary mechanisms to assess the vacant PU spectrum. In order to 
perform with high reliability, spectrum sensing techniques must utilize the hardware 
characteristics of the device in the most efficient manner. This subsection will elaborate the 
mapping of the physical layer spectrum sensing parameters into the corresponding 
hardware parameters. The most essential physical layer spectrum sensing parameters are 

• Power of the sensed samples. This parameter plays a significant role in the 
detection process of any spectrum sensing technique. For example, in conventional 
energy detection, the power of the sensed samples is used to decide whether a PU is 
present or not [1], while in feature detection the samples are used to reconstruct the 
sensed signal based on which the detection is performed [1]. 

• Resolution bandwidth. It defines the size of the sensed bandwidth. The use of very 
large resolution bandwidths will give information about wider spectrum range, but 
can result in accumulating higher noise levels that can degrade the sensing 
performance. 

• Number of sensed samples. This parameter relates to the number of samples used 
for spectrum sensing. Higher number of samples will give higher resolution and 
fidelity. As already elaborated in section 2.1, higher number of samples can be 
achieved by either using a higher sampling frequency (device capability) or 
increasing the sensing time. 
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• Sensing time. The sensing time delineates the period dedicated to spectrum sensing. 
Higher sensing time can increase the precision of the sensing technique, but can 
degrade the real-time detection capabilities as well as the throughput of the device. 

Table 3-4 describes and elaborates on the mapping between the physical and hardware 
spectrum sensing parameters. 

Physical spectrum sensing 
parameters 

Hardware parameters 

Parameter Comment 

Power of the sensed samples 

RSSI sampling 

RSSI sampling is the simplest spectrum 
sensing approach. Due to its low signal 
processing complexity, it can be implemented 
in any sensing device. However, it offers 
limited options when manipulating the sensed 
data, thus it is only suitable for energy based 
detection. 

IQ sampling 

In-phase Quadrature (IQ) sampling requires 
higher computational and hardware 
complexity compared to RSSI sampling, but 
offers more options for manipulation of the 
sensed data. The IQ sampling is used in more 
complex and reliable detection techniques 
(e.g. FAR, HOS, cyclostationarity based 
detections etc.) 

Resolution bandwidth 
Start Frequency 

and 
 End Frequency 

The Start Frequency defines the starting point 
of the sensed band, while End Frequency 
defines the end point of the sensed band. 
They define the sensed bandwidth window as 
well as the frequency band being sensed.   

Number of sensed samples 
Sampling rate 
/Sweep time/ 
Sensing points 

The sampling rate defines how often samples 
will be taken from the received signal. 
Increasing the sampling rate will increase the 
number of sensed samples. For example, in 
feature detection techniques, higher sampling 
rate enables better performance of the 
detection method. The sweep time delineates 
the time needed to cover the whole sensing 
band. The ratio between the sweep time and 
the sampling rate gives the number of sensed 
samples per sweep i.e. the number of sensing 
points. If multiple sweeps are performed, the 
number of sensed samples will be the product 
between the sensing point and the number of 
sweeps. 

Sensing time 
Number of sweeps   

/Dwell time/ 
Sensing points 

The number of sweeps defines how many 
times the sensed band will be swept 
repeatedly. The dwell time shows how much 
time is dedicated per one sampling point. 
Hence, the total sensing time will be defined 
as the product between the number of 
sweeps, sampling points and dwell time. In 
general, higher number of sweeps as well as 
longer dwell time can increase the precision 
of the sensing technique, but will increase the 
sensing time as well. 

Table 3-4: Physical to Hardware spectrum sensing parameters mapping 
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It must be stressed that different spectrum sensing techniques require different settings of 
the hardware parameters in order to perform the PU detection in the most efficient manner. 
Hence correct settings of the hardware parameters can prove to be crucial for reliable 
spectrum sensing.  

3.3.2. Channel coding and decoding 

In order to discuss the mapping of physical-layer directives into hardware parameters, we 
consider again the scenario where the secondary transmitter cooperates with the primary 
transmitter to improve the primary link quality (see e.g. [8][54][55]). We assume that the 
secondary transmitter performs at the same time an overlay transmission using for example 
rate splitting, superposition coding, or dirty-paper coding (DPC) techniques as described 
below. In the following, we focus on channel coding aspects that are important for enabling 
the cooperation with the primary. We assume therefore that the primary message has 
already been correctly decoded. 
 
In the considered scenario, the primary transmitter has decided to use a certain 
implementation of a channel coding technique that is beneficial for the decode-and-forward 
relay channel. In the literature, different coding schemes like distributed Turbo codes [56]-
[58], multi edge type low-density parity-check (LDPC) codes [59]-[61], rate-compatible 
families of codes (e.g. [62][63]), or fountain codes [64] have been proposed for that purpose. 
In general, these techniques are closely related to incremental-redundancy hybrid ARQ 
schemes. Simpler schemes based on conventional point-to-point codes are on the other 
hand related to ARQ strategies and use for example repetition coding for relaying at the 
secondary transmitter and maximum ratio combining at the primary receiver. 
 
The choice of the coding scheme typically relies on the amount of channel state information 
(CSI) that is available at the primary transmitter. If full CSI is available for the channels to the 
cooperating secondary transmitter and the primary receiver, the primary transmitter can 
use for example an LDPC code for its transmission to the secondary transmitter, which is 
then extended in a predefined way by the primary and secondary transmitters in the 
cooperation phase in order to obtain a good lower-rate code from the initial high-rate code 
[59]-[61]. In a similar way, distributed Turbo codes can be adjusted to given channel 
conditions [58]. The general goal of these strategies is to provide incremental redundancy 
during the cooperative transmission.  
 

On the other hand, if CSI is not available or limited at the primary transmitter, two different 
strategies may be applied. In the first strategy, the primary selects a code with fixed 
coderate for the transmission to the secondary transmitter. In the cooperation phase, the 
primary and secondary transmitter can now either repeat the initial codeword or transmit a 
new codeword. To maximize diversity if precise channel state information is missing, the 
message should be decodable (for sufficiently good channels) solely based on the codeword 
transmitted in the cooperation phase. Note that this may not necessary in the full CSI case 
where the cooperative transmission is used to provide incremental redundancy instead of 
the full message. The second strategy that is applicable if CSI at the primary transmitter is 
missing, is given by the so-call dynamic decode-and-forward protocol [65][66]. In successive 
retransmissions, the primary transmitter extends the initially transmitted codeword to 
lower rate codewords by sending incremental redundancy. The secondary transmitter 
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overhears the transmission, decodes as soon as the rate of transmission is low enough, and 
starts a cooperative transmission once it has learned the primary message. The cooperative 
transmission stops if the primary receiver acknowledges successful decoding of the message. 
This strategy can be implemented, for example, with rate compatible LDPC and Turbo codes 
or so-called rate-less codes. Since the secondary transmitter becomes part of the primary’s 
transmission and coding strategy, it has to have knowledge of all parameters that describe 
the realization of the chosen coding scheme. For the different coding schemes discussed 
above, important parameters are summarized in the following. General parameters related 
to conventional (point-to-point) channel codes are summarized in Table 3-5, Table 3-6,  
Table 3-7, and Table 3-8. 

Parameter Representation Comment 
Block length 𝑁 Number of bits per codeword  
Number of 
information bits 

𝐾 Number of information bits per codeword 

Code rate 𝑅 = 𝐾/𝑁 Number of information bits per code bit 

Table 3-5: General hardware parameters valid for any kind of channel code. 

 
Parameter Representation Comment 
Generator matrix 𝑮 Set of binary basis vectors that span the 

codeword space. 
Sub-matrices of 
representing the 
check matrix 

𝑨,𝑩,𝑪, … Efficient encoding requires an efficient 
decomposition of the generator matrix into 
sub-matrices. 

Table 3-6: Relevant hardware parameters for describing an LDPC code. 

 

Parameter Representation Comment 
Set of Component 
Encoders 

{𝐸1, … ,𝐸𝑐} Set of generator polynomials that specify the 
employed recursive convolutional codes. 
It implies the number of component encoders 
𝑐. 

Set of Interleavers {𝚷1, … ,𝚷𝑐−1} The set of interleavers can be represented by a 
set of permutation matrices that are used to 
separate the component encoders. Note that 
no interleaver is required for the first encoder. 

Set of Puncturing 
Patterns 

{𝐏1, … ,𝐏𝑐} To adjust the code rates of the component 
encoders, each component code is punctured 
as specified by an individual puncturing 
pattern. 

Termination 𝑡 ∈ {0,1} Flag bit indicating whether the convolutional 
codes are terminated or not. 

Table 3-7: Relevant hardware parameters for describing a Turbo code. 
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Parameter Representation Comment 
Constellation Type PAM, QAM Specify signal space constellation 
Number of bits 
per channel 
symbol 

M - 

Interleaver 𝚷0 Coding and modulation are typically separated 
through interleavers to spread burst errors. 

Mapping into 
Frames 

 After modulation, the data symbols are 
multiplexed and mapped into frames for 
transmission. 

Table 3-8: Relevant hardware parameters for the modulation and mapping into frames. 

For extending an LDPC code to multi edge type code for the relay channel or into a set of 
rate compatible codes as described above the additional parameters required are given in 
Table 3-9 [61][63][66]. 
 
Parameter Representation Comment 
Matrices of 
Additional Check 
Constraints  

𝚫𝑯𝟏,𝚫𝑯𝟐, … Higher rate codes are extended to lower rates 
by adding additional check constraints that lead 
to additional syndrome bits, which are 
transmitted during the retransmissions. 

Sub-Matrices for 
mapping 
Syndromes into 
Channel Symbols 

𝑮𝟏,𝑮𝟐, … In DF relaying with perfect CSI, the syndrome 
bits are protected by another channel code; the 
matrix 𝑮 corresponds then to the used 
generator matrix. If rate compatible codes are 
constructed, the matrices are full-rank square 
matrices with special column and row weights. 

 Table 3-9: Additional parameters for characterizing implementations of LDPC relay 
codes and rate-compatible LDPC codes. 

For extending a Turbo code to distributed Turbo code the additional parameters needed to 
be known at the secondary transmitter are given in Table 3-10 [58]. 
 
Parameter Representation Comment 
Component 
Encoder 

𝐸𝑅 Generator polynomials for the component 
encoder used by the relaying node (i.e. the 
secondary transmitter).  

Interleaver 𝚷𝑅 Interleaver used before encoding at the 
relaying node.  

Puncturing 
Pattern 

𝐏𝑅 Puncturing used by the relaying node. 

Table 3-10: Relevant hardware parameters for extending a Turbo code to a distributed 
Turbo code. 

Rate-compatible Turbo codes are typically obtained from low-rate codes by puncturing and 
can therefore be characterized by a sequence of puncturing patterns as summarized in 
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Table 3-11. In a similar way, rate-compatible LDPC codes can be obtained from low-rate 
LDPC codes. 
 
Parameter Representation Comment 
Set of Puncturing 
Patterns 

{𝐏1, … ,𝐏𝑘} Set of puncturing patterns for constructing 
rate-compatible codes from low-rate mother 
codes. 

Table 3-11: Relevant hardware parameters for describing rate-compatible codes 
obtained through puncturing. 

Successive decoding of interfering primary signals as described above requires that 
knowledge of code parameters used by the primary transmitter is available at the secondary 
receiver. These parameters are identical to the channel code parameters summarized in the 
tables above. For LDPC codes, however, knowledge of the check matrix 𝑯 is additionally 
required for decoding.  

3.3.3. Rate splitting and successive decoding 

The secondary cognitive transmitters can apply sophisticated precoding techniques in order 
to improve their own achievable rates as well as to cooperate with the primary receivers 
and help them to successfully deliver their messages. In this subsection, we discuss 
information theoretic techniques. Rate splitting can be applied in an underlay, as well as 
overlay cognitive radio scenario to improve the achievable rate of the cognitive links. Dirty 
paper precoding can be applied only in overlay cognitive radio scenarios in which the 
primary messages or codewords are a priori known at the cognitive transmitter. Thereby, 
both the rates of primary as well as cognitive secondary links are increased.  
 
The basic idea of rate splitting was introduced in [67] for the Gaussian multiple access 
channel as an alternative to time sharing. The messages at the transmitter are 
deconstructed in multiple virtual messages which are coded with different codebooks. The 
codewords are superposed and transmitted. The receiver applies a multiuser detector 
(successive interference cancellation - SIC) and decodes iteratively the combination of 
codewords. If the rates of the virtual codebooks are properly chosen, all layers can be 
successfully decoded and subtracted from the received signal.  
 
In the cognitive radio setting, rate splitting was applied for spectral shaping in [68][69] and 
for spatial shaping in [14]. Since the primary receiver is assumed to be fixed and not 
adaptable to the secondary transmissions, it cannot profit from the rate splitting approach. 
However, the cognitive receivers can decide on the optimal decoding order and obtain gains 
compared to the case in which only a single Gaussian codebook is applied at the cognitive 
transmitters. In [38] Section 4.1.3.2, the spatial shaping with rate splitting in underlay 
cognitive radio is reported.  
 
Dirty paper precoding (DPC) is introduced in [33] as a variant of Gelfand-Pinsker precoding 
for Gaussian interference. It was applied for the Gaussian broadcast channel. In the 
broadcast channel the transmitter knows the interference it will create at one user due to 
the codewords of other users and can pre-cancel this interference. Starting with one user 
who “sees” all the interference from the other users, it can remove the interference from 
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this first user created at the second and all following users. Thereby a large part of the 
interference is reduced. Later it was shown that by this strategy, the capacity region of the 
Gaussian MIMO broadcast channel is achieved [70].  
  
In the overlay cognitive radio scenario, DPC can be applied at the secondary transmitters as 
described briefly in [71] Section 4.3.2 and in more detail in Section 4.1 of the deliverable at 
hand.  
  
The important parameter choices describing the realization of rate splitting and DPC on the 
physical layer are collected in Table 3-12. Either these parameters are provided by the 
channel and message aware decision engine or they are found by local PHY optimization.  
 
Rate Splitting Parameter Interval Function 
Tx Tx rates [0,Rmax] Rates of different layers, properly chosen to 

allow SIC at the cognitive receivers 
Tx Power 

allocation 
[0,p_max] 

 
Power allocated to different layers 

Tx Transmit 
strategies 

BF  Beamforming, linear precoding under 
primary rate constraints 

Rx Decoding 
order 

Permutation 
{1, …, K} 

Optimal decoding order for maximum 
cognitive achievable rate 

DPC Parameter Interval Function 

Tx Primary 
message 

Codeword 
codebook 

Cognitive transmitter needs to know the 
message/codeword the primary will send 

Tx Precoding 
order 

Permutation 
{1, …, K} 

Optimal precoding order for maximum 
cognitive achievable rate: Code SU first 

Tx Power 
allocation 

[0,p_max] 
 

Power allocated to different layers 

Tx Transmit 
strategies 

BF  Beamforming, linear precoding under 
primary rate constraints 

Table 3-12: Physical-layer parameter to implement rate splitting and DPC 

In the case of the coexistence of one primary link and one secondary link, when the 
interference from primary transmission at the secondary receiver is weak, single-user 
decoding (SUD) is deployed at the cognitive receiver. When the interference from primary 
transmission at the secondary receiver is strong, rate splitting can be deployed at the 
secondary transmitter and successive interference cancellation (SIC) can be deployed at the 
secondary receiver to increase the achievable secondary rate. At the secondary transmitter, 
the secondary message is splitted into two parts. Firstly, the secondary receiver decodes 
and subtracts the first part by treating the second part message and the primary message as 
interference. Then the secondary receiver decodes and subtracts the primary message by 
treating the second part message as interference. At last, the secondary receiver decodes 
the second part message without interference. When the interference from primary 
transmission is very strong, then rate splitting is not needed at the secondary transmitter, 

Pp
k

k ≤∑
1≤kw

Pp
k

k ≤∑
1≤kw
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the secondary message can be decoded after decoding and subtraction of the primary 
message at the secondary receiver [14]. 

3.3.4. Channel state information acquisition 

One important issue in cognitive radio systems at the cognitive transmitters is to acquire 
information about the context, i.e., channel state information from the cognitive as well as 
the primary receivers. This can be realized by some cognitive pilot channel (CPC). The more 
information is needed at the transmitter and the more this information has been exact, the 
more feedback over the CPC is required. 
 
In MIMO OFDM systems, this control overhead and signal processing complexity are quite 
large, leading to the definition of the so-called time-frequency tiles or chunks [72]. To this 
end, the physical channel structure divides the available time-frequency resources into tiles. 
The tiles or chunks are considered two dimensional, and each chunk comprises a number of 
adjacent subcarriers in frequency domain and a number of consecutive OFDM symbols in 
time domain as illustrated in Figure 3-2. The application of chunks is wide spread and it is 
proposed, for example, in [72] for multiple antenna systems. For all subcarriers and all 
OFDM symbols within the chunk, the same spatial signal processing is applied, reducing the 
signal processing complexity and the feedback overhead considerably [73]. The concept is 
illustrated in Figure 3-2.  
 

 
Figure 3-2: Time-frequency chunk. 

The optimization of the physical layer with only chunk processing is performed in [72] for 
the MIMO multiple access channel. The trade off between feedback overhead and 
performance is studied and an optimal operating point is derived.  
 
Considering the feedback and control overhead in two-link cognitive radio system as 
illustrated in Figure 3-3 below, the most demanding feedback link is the channel state 
information from the primary receiver to the secondary transmitter [14].  
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Figure 3-3: Control signalling in two-link cognitive radio system 

It will not be possible to feedback this CSI from the primary receiver to secondary 
transmitter for all carriers. Instead one CSI per chunk has to suffice to optimize the 
secondary link and to fulfil the primary rate constraint.  
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4. Description of Signal Processing and Resource Allocation 
Algorithms 
In this section, a collection of signal processing and resource allocation algorithms under 
different reference scenarios is described. The performance of the algorithms is shown 
through link-level and system-level simulations. And the complexity of the algorithms is 
assessed. Moreover, the feedback/control needed for the implementation of the algorithms 
is analyzed. In Section 4.1, optimal beamforming is proposed for the coexistence of a SISO 
primary link and a MISO secondary link in overlay CR, where metrics as rate requirements, 
channel coding and decoding, and channel state information acquisition are involved. In 
Section 4.2, in the scenario of underlay CR, interference at PUs is limited by utilising 
spectrum sensing mechanisms while QoS of secondary users are ensured by implementing 
distributed power control algorithms. In Section 4.3, Time Reversal is proposed for the 
precoding of UWB signals in underlay CR, where channel state information acquisition is 
crucial. 

4.1 Optimal beamforming in MISO cognitive channels with degraded 
message sets 

4.1.1. System model 

Consider the coexistence of primary and secondary links in the context of an overlay CR 
system. Assuming that the secondary transmitter has access to the message sent by the 
primary transmitter in a non-causal fashion. One possible strategy is to have the secondary 
transmitter employ part of its resources to help the communication between the primary 
users, so that their communication is not disturbed or is even improved (e.g. in terms of 
rates). The remaining resources are used for private communication to the secondary 
receiver. Moreover, with accurate channel state information, the secondary transmitter can 
use its knowledge of the interference experienced by its receiver to pre-cancel it, for 
example using DPC. 
 

 
Figure 4-1: System model of primary SISO link and secondary MISO link. 

The system considered is depicted in Figure 4-1 and consists of a SISO primary link and a 
MISO secondary link with  antennas at the transmitter [74]. The primary transmitter 
conveys a message  with rate  to its intended receiver by encoding it into a codeword 

N
1d 1R
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 with an average power constraint . At every time instant the message broadcasted by 

the primary transmitter is 

  (4.1.1) 

where  is a symbol with unit average power from the capacity achieving code for a SISO 

Gaussian channel with a given signal-to-noise ratio (SNR). 
 
Similarly, the secondary transmitter wants to convey a message  with rate  to its 

receiver. Assuming it has non-causal knowledge of the message , the transmitted 

codeword  depends in general on both messages. The secondary transmitter has a total 

power of . A fraction  of it is spent in a selfless manner to help the primary-user pair 

achieve its rate requirement and the rest of the available power  (where ) is 

used for the transmission of its own message. Furthermore, each of the components has an 
independent beamforming vector  and , with . Similarly to the work in 

[70][75], the secondary user employs superposition coding in combination with DPC. That is, 
the transmitter employs part of its power to enhance the SNR at the primary receiver. The 
remaining part of the power is used to convey the message  to its intended receiver, 

using DPC to protect it against the interference created due to the transmission of the 
message intended for the primary receiver. The signal broadcasted by the secondary 
transmitter at a given time instant is therefore 

 2 1 1 1 2 2 1 2( ) ( , )a bp u d p u d d= +x w w  (4.1.2) 

where the secondary transmitter uses the same codebook for  as the primary transmitter,  

and  is the corresponding symbol with unit average power from a capacity achieving DPC.  

 
The channels are quasi-static block flat fading, and together with the noise components they 
are modeled as independent and identically distributed complex Gaussian random variables. 
The channels from the primary transmitter to the primary receiver and the secondary 
receiver are denoted as  and  respectively, with  and . 

Similarly, the channels from the secondary transmitter to the primary receiver and the 

secondary receiver are denoted as  and , with  and , 

 and , where  and  denote the all-zero vector and the  

identity matrix, respectively. The noise components at the primary and secondary receivers 
are denoted as  and , respectively. 

 
The following rates are achievable by the primary and secondary users respectively [74] 

  (4.1.3) 

for any choice of precoding vectors  and  and powers , , and . 
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4.1.2. Proposed algorithm 

The problem of maximizing the transmission rate  for the secondary users while 

satisfying the rate requirement for the primary link  has the following mathematical 

formulation [74] 

  (4.1.4) 

Let , we choose 

  (4.1.5) 

Given  the optimal  can be parametrized as 

  (4.1.6) 

and 

  (4.1.7) 

where 

  (4.1.8) 

  (4.1.9)

  (4.1.10) 

 ( )
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1

21 21 21 21 H H−
∏ =h h h h h  (4.1.11) 
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(4.1.4) can be solved by varying  from 0 to  to find the optimal λ  that achieves the 

maximum objective value. 

4.1.3. Algorithm performance 

In the simulation, the achievable secondary rate of the scenario described is shown, 
together with that of uninformed secondary link without access to the primary message as 
in [14], with varying SNR and primary rate requirement. For the underlay CR scenario in [14], 
rate splitting and successive decoding is deployed when it is viable, otherwise single-user-
decoding is used. The loading factor is defined as the ratio of primary rate requirement and 
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instantaneously achievable primary rate without secondary transmission. For simulation, we 
set P1 = 10dB and α=β=0.5. 
 
As shown in Figure 4-2 and Figure 4-3, for a certain primary rate requirement, secondary 
antenna configuration, and transmission power, the cooperative transmission strategy 
derived has a gain over the non-cooperative one in terms of achievable secondary rate [74]. 
In particular for highly loaded primary links, the gains are tremendous (e.g. for three 
transmit antennas and 12 dB SNR more than 2 bits per channel use (bpcu), almost a 50% 
gain for 100% load). Interestingly, for three transmit antennas, the achievable rates with 
informed cognitive transmitter (as proposed) with 100% load are higher than with 
uninformed cognitive transmitter (using rate splitting) with 25% load. This clearly indicates 
that the knowledge of the primary message at the cognitive transmitter helps significantly. 
 
Another observation comparing Figure 4-2 and Figure 4-3 is that with sufficient transmit 
antennas, the impact of primary link load on the performance of the informed cognitive link 
is small (less than 0.5 bits per channel use). Finally, at high SNR, the slope of the achievable 
rate of the rate-splitting scheme and that of the proposed scheme seem to be different. It 
would be interesting to study the high SNR behavior of the proposed scheme and compare 
it with the slope achievable for the completely cooperative scheme, i.e. MIMO with two 
transmit antennas, which has a slope of two.  
 

 
Figure 4-2: Comparison between underlay and overlay multiple input single output 
cognitive radio link with different loading factors for primary system - two transmit 

antennas at CR. 
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Figure 4-3: Comparison between underlay and overlay multiple input single output 

cognitive radio link with different loading factors for primary system - three transmit 
antennas at CR. 

4.1.4. Algorithm analysis 

In some scenarios it is reasonable to assume that the secondary transmitter has access to 
the message sent by the primary transmitter in a non-causal fashion. For example, 
whenever the primary transmitter is much closer to the secondary transmitter than to its 
intended receiver the capacity of the channel to the former is much larger than that of the 
channel to the latter. This allows the secondary transmitter to obtain the message in a 
fraction of the total transmission time. 
 
Clearly, utilizing the knowledge of the primary message at the secondary transmitter comes 
at the price of overhead. Moreover, given the complexity of DPC, implementation of DPC 
with low complexity or linear precoding can be considered. The trade off between 
complexity and performance should be addressed. 
 
The secondary transmitter should get the primary message, transmit power and rate 
requirement. The primary receiver and secondary receiver should feedback the related CSIs 
to the secondary transmitter. 
 

4.2 Distributed power control for cognitive radios with primary protection via 
spectrum sensing 

4.2.1. System model 

In modern wireless systems, spectrum is allocated on a fixed term basis to transmitters 
covering a geographical domain. Many studies have shown that not all frequencies are used 
at every point in time and space, resulting in the underutilisation of the spectral resource 
[76]. Therefore the problem of spectrum scarcity is clearly not a dearth of spectrum but the 
inefficient way of spectrum usage caused by static allocation of resources. The idle spectrum 
in a particular spatial-temporal domain is called spectrum hole. Devices like cognitive radios 
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(CRs), therefore seek opportunistic use of such spectrum on a non-interfering basis to the 
spectrum owners called the primary user (PU). The key challenge is to re-use spectrum holes 
such that primary networks are protected from interference and that the quality of service 
(QoS) of the cognitive users (i.e. the secondary users) is guaranteed. Transmit Power Control 
(TPC) is a well-established technique for mitigating interference in wireless networks 
[77][78][79][80]. However, in cognitive radio networks (CRN), TPC is challenging due to the 
strict interference avoidance constraints on PUs. In [81] a model based on graph theory was 
presented while [82] addressed channel allocation problem using game theory. However, 
PUs were not explicitly protected in these approaches due to opportunistic access of CRs. 
Recently, there has been a flurry of research considering protection of PUs (e.g. see [82] and 
references therein). To protect PUs, the transmit power of the CRs should be limited based 
on its proximity to PUs [83]. However, in realistic scenarios, primary user location is difficult 
to obtain. Spectrum sensing has been identified as one of the key enablers in the realisation 
of a true cognitive system [76]. As most of the spectrum sensing techniques are based on 
transmitter detection, unfortunately spectrum sensing solely does not guarantee absolute 
interference free operation to the licensed users. We therefore empower the CR to perform 
TPC, whereby the power control actions are based on spectrum sensing results to prevent 
exacerbated powers propagating into unwanted primary domains whist maintaining 
substantial QoS within its own network. Power control based on spectrum sensing 
information has been discussed in [84] for the case of a single secondary user. However, in 
future CRNs larger numbers of secondary transmitters and receivers can be expected, and 
further, the need to provide QoS within this resulting secondary network should also be 
maintained at the same time.  
 
In this subsection, we extend the approach presented in [84] for the case of multiple 
secondary transmitter and receiver pairs by enforcing tight bounds on the QoS of both 
primary and secondary users. QoS is translated to the maximum permissible interference 
limit (ITL) at the primary receivers while QoS of secondary users is ensured by maintaining 
its Signal-to-Interference-Noise ratio (SINR) (or Bit Error Rate) above to a predefined 
threshold. The complexity of the proposed algorithm is as the same level as classical 
distributed power control and convergence. 
 
We show that interference at PUs can be limited, or at least maintained by utilising 
spectrum sensing mechanisms while QoS of secondary users can be ensured by 
implementing modified versions of distributed power control algorithms. In distributed 
power control algorithms, a user controls its transmitted power by utilising local 
information only following some power updating rules [79][80]. However, in CRNs with 
explicit primary user protection, it is difficult to implement classical distributed power 
control algorithms since the total interference level at PUs can not be identified by the local 
information. Approaches employing feedback reporting from sensors localised in the vicinity 
of the primary receiver [85] or genie aided [86] solutions are prone to inherent failures and 
delays therefore the primary user experiences transient interferences which may be 
unpleasant.  
 
Autonomous distributed power control algorithm was developed in the CR context [87] with 
interference consideration to the primary receiver. In this subsection, we focus on 
distributed power control mechanisms without feedback reporting and employ spectrum 
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sensing algorithms to derive its link gain to the worst-case location of the PU. The solutions 
advanced in this subsection leads to a truly distributed framework for cognitive radios while 
ensuring that the interference environment of the primary user is un-perturbed at all times. 
In this subsection, the cognitive radio harnesses the spectrum sensing capabilities while 
implementing the modified distributed power control algorithms proposed in [87] with the 
following improvements 

• The cognitive radios perform localised spectrum sensing of primary TV signals and 
make individual decisions about their interference environment and link gains to 
the primary system.  

• Increased number of supported CR users is expected since different constraint is 
executed at individual terminals rather the same constraint being applied to all CR 
devices as in [87]. 

4.2.2. Proposed algorithm 

Conventional distributed constrained power control (DCPC) and generalized distributed 
power control (GDPC) algorithms do not guarantee primary user protection; therefore it 
becomes imperative to modify these algorithms in order to protect the primary receivers. 
Autonomous distributed power control algorithm was developed in [87] guaranteeing 
interference free operation to the primary at all times. This algorithm is simple yet effective 
since CRs communication is possible even at close proximity to the users without raising the 
interference at the primary user beyond limits. If the ITL threshold th

nlξ  and the number of 

transmitting CRs are known (e.g. using some routing protocol [85][90]), a further cap on the 
maximum individual cognitive power cap

iP  can be can be conditioned as 

, {1, 2,....... }
crth

nl tv icap
i

d
P i N

N

αξ
≤ ∈                                                  (4.2.1) 

Since each of the CR users is now constrained by (4.2.1), the ITL at the primary receiver is 
never violated at any distance from the worst-case primary receiver. The simulation in [87] 
implicitly considered ,tv i tvd d≈  for all CRs, it follows that the same cap

iP  constraint would be 

applied to all N transmitting CRs, which is quite conservative. In our model, we relax this 
assumption by empowering each CR user with spectrum sensing capabilities such that CR 
users explicitly determine their respective link gains to the primary receiver and as such 
compute their respective power constraints. Therefore, CRs in the boundary region of the m 
x m block, further away from the primary user, would ideally, contribute lesser interference 
power to the primary user than CRs in close proximity. A CR transmitter at such boundary 
locations may therefore be able to communicate effectively with its receiver due to a little 
more predisposed power achievable depending on its true distance to the primary receiver 
without violating the ITL. We therefore briefly describe the explicit determination of link 
gains and formulate the transmission power for CRs.  
 

A. Explicit Estimation of Distance di 
In order to estimate distance di each CR performs spectrum sensing (measures energy Yi) in 
T number of time slots and calculate ( )k

iI Y  in each time slot such that 

1,
( ) 1,..., 1,....,

0,

k
k i

i
Y

I Y i N and k T
otherwise

λ≥
≈ = =


                        (4.2.2) 
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Hence estimated probability of detection ,d̂ iP for ith CR is 

,
1

1ˆ ( ) 1,...,
T

k
d i i

k
P I Y for i N

T =

= =∑                                            (4.2.3) 

Once the probability of detection is estimated, an estimate on the distance from the ith CR 
to the primary transmitter can be derived based on the closed form expression as 

,

,,

,

1,11, 2(1 )2(1 )12 1 1, ( 1) ( 1)

tv i

tv itv i

tv i

m
mmm mmP ed i m m m

λ γλλ
γγ

γ

     Γ − −  −Γ −     +  +      = + + −    Γ − Γ −          

(4.2.4) 

Since , ,d̂ i d iP P≈ , it suffices to have 1
,

ˆ (1 )i m iD f P−≈ − . It is then possible to plot the graph of 

probability of missed detection with estimated distance d̂  as in Figure 4-4 [84], which 
shows how the probability of missing a primary signal varies with distance from the primary 
contour for various primary transmitter powers. The lower the primary transmission powers 
the better the opportunity for CRs. The improved maximum individual CR power is given in  

1
,(1 )

{1,2,....... }
th
nl m icap

i

f P
P i N

N
ξ − −

≤ ∈                                    (4.2.5) 

We therefore modify the DCPC and GDPC algorithms to include spectrum sensing 
capabilities and call them DCPC/GDPC with Primary Protection via Spectrum Sensing. 
 

 

Figure 4-4: Pm vs. d̂  for Pfa = 0.01 and m=5. 

B. DCPC with Primary Protection via Spectrum Sensing (DCPC-PPSS) 
The DCPC-PPSS algorithm advanced here implements spectrum sensing to estimate its 
distance to the primary receiver. The iterative power process is therefore written as 

1
,

max
,

(1 )
( 1) min , , , {0,1, ,...}

thth
nl m icr

i it
cr i

f P
P t P P t

N
ξγ

γ

− − + = ∈ 
  

               (4.2.6) 

When the CRs are sufficiently far from the primary system, equation (4.2.6) would tend to 
increase making max

cap
iP P≥ , hence (4.2.6) ensures that the CR never exceeds its maximum 

available power. 
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C. GDPC with Primary Protection via Spectrum Sensing (GDPC-PPSS) 
The GDPC-PPSS algorithm implemented here is similar to the DCPC-PPSS algorithm in that 
they both implement the same mechanism. However, like conventional GDPC algorithm, 
GDPC-PPSS has the ability to support an increased number of CR transmitters compared to 
the DCPC-PPSS. The power updating rule for GDPC-PPSS is as in (4.2.7). 

1
,

max
, ,

1
,

max
,

(1 )
( ) ( ) min ,

( 1)
(1 )ˆ ( ) min ,

thth th
nl m icr cr

i it t
cr i cr i

i thth
nl m icr

i it
cr i

f P
P t if P t P

N
P t

f P
P if P t P

N

ξγ γ
γ γ

ξγ
γ

−

−

  − ≤  
   + = 
 −  >     

             (4.2.7) 

where {0,1,2,....}t ∈  and îP  is an arbitrary power value. 

4.2.3. Algorithm performance 

Simulation parameters are given in Table 4-1. For ease of presenting our simulation result, 
we estimate 

1

1ˆ ˆ 1,...,
N

i nl
i

d D r i N
N =

= − =∑                                       (4.2.8) 

Simulation results in Figure 4-5 show that by implementing the proposed algorithm, ITL at 
primary receivers is never exceeded. It also shows that the interference powers of the CRs 
decreases significantly as the CRN moves further away from the noise limited contour of the 
TV receiver. The number of supported users is expected to increase with further distance 
from the primary contour as shown in Figure 4-6. DCPC-PPSS experiences a slight decline at 
an estimated distance of 2500m due to increased maximum power available for to each 
user, however GDPC-PPSS tries to maintain the number of supported CR users. The 
algorithm is seen to stabilize with distances greater than 2500m owing to reduced downlink 
intersystem interference from TV transmitter. GDPC-PPSS supports more number of than 
DCPC-PPSS due to reduced interference levels experienced in the network.  
 

Simulation Parameters Values 

Primary Transmit Power (Ptv) 
Effective Coverage range of TV statation (rnl) 
Noise power for 8MHz UK TV channel 
Interference level at rnl   

Number of CR Transmitters (N) 
CR maximum terminal power (Pmax) 
CR coverage area 
Pathloss exponent for primary (αp) 
Pathloss exponent for CR transmitter (αcr) 
Distribution of CR terminals 
Probability of false alarm (Pfa) 
Time bandwidth product (m) 

Arbitrary power P̂  
No of time slots for sensing operation 

80dBm 
70Km 
-105dBm 
-100dBm 
50 
20dBm 
2000m x 2000m 
3 
4 
Random( ri,i≥ri,j ) 
0.01 
5 
0dBm 
1000 

 
Table 4-1: Simulation parameters for fully distributed CRN. 
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Figure 4-5: CR interference power with estimated distance. 

 
Figure 4-6: Supported CR transmitters with estimated distance. 

4.2.4. Algorithm analysis 

DCPC/GDPC-PPSS offers a more realistic model for a fully distributed CRN framework since 
power control and link gain estimation (achieved through spectrum sensing) are performed 
at the individual CR terminal without any co-operation or co-ordination from the primary 
system. We have therefore been able to re-use the primary TV spectrum owing to spatial 
opportunity while ensuring that the total transmission power of CR users in all TV channels 
does not exceed the interference threshold limit at the worst case primary receiver at any 
time. DCPC/GDPC-PPSS are a viable approach as fully distributed schemes for the cognitive 
radio framework. 
 

4.3 Precoding of UWB signals by Time Reversal 

4.3.1. System model 

Time Reversal (TR) is a technique borrowed by acoustics [91], [92] and recently applied in 
wireless communications, mostly combined with Impulse-Radio Ultra Wide band (IR-UWB) 
[93]. The basic idea behind TR relies on the use of a pre-filter (or pre-coder) in transmission 
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with impulse response given by the time-reversed version of the channel impulse response 
(CIR), whose principal effect is the time-space focusing 

• time focusing: received signal is the auto-correlation of the CIR (convolved with the 
basic pulse), aptly scaled to meet power constraint; 

• space focusing: any point of the space but the focused one (where the receiver is 
located) see a cross-correlation between two (almost) independent channels, so the 
signal does not show any peak [94]. 

Our research in this field addresses communications as well as positioning issues. The main 
results on these topics are 

• energy gain: receiver can gather more energy with TR; 
• more leptokurtic MUI: impulsiveness of the multi-user interference (MUI) term in 

the correlation metrics (after matched filter and sampler at symbol rate) increases 
with TR; 

• enhanced DOA estimation: overcoming limitations on subspace decomposition 
techniques, such as MUSIC, TR becomes a feasible approach for positioning in 
random and highly frequency-selective media. 

We will consider TH-IR UWB (Time Hopping Impulse Radio Ultra Wide Band) signal using 
PAM (Pulse Amplitude Modulation) as well as PPM (Pulse Position Modulation). The classical 
(no TR) IR-UWB signal with PAM may be written as follows 

 s(t) =  �Es� akp(t − kTs − ckTc)
k∈Z

 (4.3.1) 

while for PPM modulation, one has 
 𝑠(𝑡) =  �𝐸𝑠�𝑝(𝑡 − 𝑘𝑇𝑠 − 𝑐𝑘𝑇𝑐 − 𝑏𝑘𝜀)

𝑘∈𝑍

 (4.3.2) 

where 
• 𝑝(𝑡) is the unit-energy basic pulse waveform; 
• 𝐸𝑠 is the energy of 𝑠(𝑡); 
• 𝑎𝑘 is the 𝑘𝑡ℎ symbol to be transmitted in the PAM case; 
• 𝑏𝑘 is the 𝑘𝑡ℎ bit to be transmitted in the PPM case (thus 𝑎𝑘 = 2𝑏𝑘 − 1 ); 
• 𝑇𝑠 is the slot duration; 
• 𝑇𝑐 is the chip duration. 

In the following analysis perfect channel information both at the transmitter (CSIT) and at 
the receiver (CSIR) is assumed.  

4.3.2. Proposed algorithm 

The principle of Time Reversal is to convolve the pulse by an inverted version of the channel 
before to send it. So, the propagation of the signal through the channel will have the effect 
to receive the channel correlated to itself (thus simulating a correlation receiver). The 
transmitted signal in case the precoding TR technique is adopted writes for both PAM and 
PPM cases, respectively, as 
 
 

𝑠𝑇𝑅(𝑡) = �
𝐸𝑠

∫|ℎ𝑖𝑛(𝑡) ∗ 𝑝(𝑡)|2𝑑𝑡
�𝑎𝑘ℎ𝑖𝑛(𝑡) ∗ 𝑝(𝑡 − 𝑘𝑇𝑠 − 𝑐𝑘𝑇𝑐)
𝑘

 (4.3.3) 
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𝑠𝑇𝑅(𝑡) = �

𝐸𝑠
∫|ℎ𝑖𝑛(𝑡) ∗ 𝑝(𝑡)|2𝑑𝑡

�ℎ𝑖𝑛(𝑡) ∗ 𝑝(𝑡 − 𝑘𝑇𝑠 − 𝑐𝑘𝑇𝑐 − 𝑏𝑘𝜀)
𝑘

 (4.3.4) 

 
where signals were normalized so to meet the power constraints. In the above equations 
ℎ𝑖𝑛(𝑡) is the precoding filter, that in case of perfect Time Reversal satisfies the condition 
ℎ𝑖𝑛(𝑡) = ℎ(−𝑡). 
 
Note that the precoding TR filter at the transmitter can be combined with a rake receiver to 
take into account the typical multipath environment for UWB signals. Either an all-rake or a 
partial rake receiver can be adopted, depending on the desired trade-off between receiver 
complexity and performance. In general, one can achieve a global trade-off by tuning the 
number of taps Nin used in the TR precoding filter with the Nout fingers used in the rake 
receiver. 

4.3.3. Algorithm performance and analysis 

In order to illustrate the time and space focusing properties guaranteed by TR, one can 
consider the following scenario: two transmitters, say TX1 and TX2, communicating to their 
reference receivers, say RX1 and RX2 respectively. Denote by CIRxy the channel between TXx 
and RXy, and by RCIRxy its time-reversed version. Accordingly, denote by 𝑟𝑥𝑦(𝑡)the signal 
received by RXy and transmitted by TXx. 

Time focusing 

The focusing in time is of particular interest for Impulse Radio UWB, as Impulse Radio UWB 
is primarily designed to work with focused pulses in time (i.e. ultra short pulses). TR helps in 
refocusing the signal in time by compensating for the spreading effect caused by the 
presence of a multipath channel between transmitter and receiver. Time focusing follows 
from the property that the auto-correlation function (ACF) of a signal shows a narrow peak 
(with amplitude equals to its energy).  
 
If a transmitter uses TR, say TX1, the transmitted signal is given by the convolution of the 
basic pulse with RCIR11 (scaled by a factor that guarantees the power constraint), and the 
signal received by the reference receiver is further convolved with CIR11. The convolution of 
RCIR11 and CIR11 gives the ACF of the latter, and shows a narrow peak. 

Space focusing 

Space focusing follows from the statistical independence of cross channel impulse responses, 
i.e. CIRxy with x different from y. In that case, CIRxy is the cross-correlation of two 
independent processes and the ACF’s property of having a narrow, tall peak does not hold 
anymore.  
 
Thus TR focuses a signal in one point in the space, corresponding to the position of the 
reference receiver, helping to reduce interference generated to receivers in different 
positions. 
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Effects on communications 

The first major effect is the energy gain achieved with TR. In other words, e.g. for PAM, the 
energy received at the reference receiver in correspondence of the signal with TR defined in 
(4.3.3) is greater than the energy received when the signal without TR defined in (4.3.1). The 
same is true with PPM. It can be shown analytically that this property is irrespective of the 
modulation type, as it only depends on the channel statistics [95].  
 
Table 4-2 shows the efficacy of the different combinations of TR and rake receiver, defined 
as energy per pulse captured by the receiver, with respect to the available energy at the 
receiver input without TR for the same transmitted energy, for a system with Nin taps and 
Nout fingers.  
 

Nout Nin=1 Nin=10 Nin=20 Nin=all 
1 14.8 % 54.5 % 75 % 100 % 

10 55 % 81.8 % 98.8 % 120.3 % 
20 75.2 % 94 % 112.1 % 132.4 % 
all 100 % 144.2 % 165.2 % 191.6 % 

Table 4-2: Efficacy - energy per pulse captured by the receiver, with respect to the 
available energy at the receiver input without TR for the same transmitted energy. 

Figure 4-7 present additional data on efficacy of the combination of TR with rake. The 
channel used in simulations is the CM1 (LOS) of IEEE 802.15.3a. 
 

 
Figure 4-7: Efficacy - energy per pulse captured by the receiver, with respect to the 

available energy at the receiver input without TR for the same transmitted energy with 
partial TR (K=Nin taps) and RAKE (M=Nout fingers). 

The second major effect is the increase of the non-Gaussianity of MUI, measured by the 
kurtosis of the MUI term after correlation and sampling (i.e. of the data set of the MUI term 
within correlation metrics). This effect is mostly due to the impulsiveness of the MUI signal 
at the receiver. While the non Gaussianity of the MUI is a problem when a classical receiver 
is used, it has been shown in [96] that, for the same MUI, performance increases as the non 
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Gaussianity of MUI becomes more pronounced when adopting an adapted receiver. So, we 
show a new advantage of TR in addition to the usual ones: the fact that TR increases the non 
Gaussianity of the MUI. Figure 4-8 shows that the more leptokurtic is the MUI term, the 
better the performance of the overall system when an adapted receiver is adopted. 

 
Figure 4-8: Bit Error Rate performance (left); Histograms showing the distributions of 

the MUI term and superposition with a Gaussian probability density function having the 
same variance in order to underline the non- Gaussianity (right). 
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Effects on positioning 

In addition to the benefits on communications discussed in previous subsection, the impact 
of Time Reversal combined with UWB on positioning was addressed. UWB and TR can 
provide significant benefits to positioning accuracy in presence of harsh channel conditions 
due to frequency selective and dishomogeneous propagation media. The issue was 
addressed in [96] for a scenario characterized by a positioning device equipped with an 
antenna array composed of m elements aiming at positioning d targets in unknown 
positions by means of Direction of Arrival (DOA) positioning, as shown in Figure 4-9.  
 

 
Figure 4-9: Application scenario considered in the analysis of the application of UWB and 

Time Reversal to positioning. 

The problem of determining the angle of arrival of a signal by means of an array of antenna 
elements was studied extensively by the research community, and several solutions were 
proposed. A well known approach relies on subspace decomposition of a covariance matrix 
built on the basis of the signal received on each antenna array element from the targets to 
be located: this was the basis for the definition of the MUSIC algorithm [97]. 
 
The MUSIC approach presented above works in a very efficient way when an accurate 
description of the relation between the angle of arrival θ and the signal present at each 
array element is available. This is the case for homogeneous propagation media, for which a 
very good approximation of the impact on each array of a signal coming from an arbitrary 
point in space can be achieved by means of planar wave assumption. In the case of not 
homogeneous media the MUSIC approach applied to the covariance matrix leads to poor 
results, due to the lack of accuracy in modeling the propagation of the signals. The 
combination of the MUSIC approach with the Time Reversal technique leads in this case to 
improved results, as shown in [98], where a solution combining Time Reversal and MUSIC in 
the time domain is proposed, capable of guaranteeing high positioning accuracy in random 
media as well. 
 
In this context, the adoption of UWB can further improve the performance of a positioning 
system, by reducing the impact of spurious peaks in the MUSIC pseudospectrum due to low 
SNRs of the signals arriving at the array at a specific frequency. As an example, let us 
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consider the scenario presented in Figure 4-10, where an array of 9 elements is used to 
determine the direction of arrival of signals emitted by two targets. Figure 4-11 presents the 
results obtained by applying TR and MUSIC to narrowband signals at frequency fp = 3.5 GHz 
under ideal conditions without thermal noise, and highlights the very good performance of 
the algorithm, with virtually error-free estimation of direction of arrival of the two signals.   
Figure 4-12 presents the results obtained under the same hypothesis about signal 
bandwidth, but in presence of thermal noise and assuming a SNR of 10 dB for both signals, 
reduced by 10 dB due to an additional path loss introduced over a 50 MHz band centered 
around fp. The figure highlights the low accuracy of the algorithm under these conditions. 
Finally, Figure 4-13 presents the results obtained by replacing the narrowband signals with 
UWB signals characterized by a 500 MHz bandwidth around fp, Results show the potential 
improvement achieved by taking advantage of larger bandwidths when dealing with 
frequency selective channels. 
 

 
Figure 4-10: Simulation scenario used as an example of application of TR and MUSIC to 

UWB signals. 

 
Figure 4-11: DOA estimation obtained in absence of noise by applying TR and MUSIC to 

narrowband signals at f = fp. 
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Figure 4-12: DOA estimation obtained in presence of noise by applying TR and MUSIC to 

narrowband signals at f = fp, assuming for both signals an SNR of 10 dB and an 
additional path loss of 10 dB over a 50 MHz frequency band centered around fp. 

 
Figure 4-13: DOA estimation obtained in presence of noise by applying TR and MUSIC to 
UWB signals with a bandwidth W=500 MHz centered at f = fp, assuming for both signals 

an SNR of 10 dB and an additional path loss of 10 dB over a 50 MHz frequency band 
centered around fp. 
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5. Conclusion 
In this deliverable, the most relevant models of coexistence of cognitive radio systems and 
legitimate systems are introduced. Decision parameters and the influence of the execution 
algorithm on the physical layer are described, including the constraints and requirements 
formulated by the decision engine, which define the interface between decision and 
execution. Parameters in the network/MAC layer and how they are mapped to physical 
layer are described, also are the parameters in the physical layer and how they are mapped 
to the hardware. Several signal processing and resource allocation algorithms are explained. 
Small-scale link-level and simplified system level assessments are used to compare 
performance of algorithms. Complexity assessment and feedback/control requirements are 
characterised.
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Glossary and Definitions 

Acronym Meaning 

ACF Auto Correlation Function 

ARQ Automatic repeat request 

AWGN Additive White Gaussian Noise 

CIR Channel Impulse Response 

CR Cognitive Radios 

CRN Cognitive Radio Networks 

CR Cognitive Radio 

CSI Channel state information 

DCPC Distributed Constrained Power Control 

DME Distance Measuring Equipment 

DOA Direction Of Arrival 

DPC Dirty Paper Coding 

DS Direct Sequence 

DTV Digital Television 

ECC Electronic Communications Committee 

EGC Equal Gain Combining 

EIRP Equivalent Isotropically Radiated Power 

FCC Federal Communications Commission 

FFT Fast Fourier Transform 

GDPC Generalized Distributed Power Control 

GPS Global Positioning System 

HOS Higher Order Statistics 

IFFT Inverse Fast Fourier Transform 

ITL Interference Limit 

IQ In-phase Quadrature 

LDPC Low-density parity-check 

MAC Medium Access Control 

MUI Multi User Interference 

MUSIC MUltiple SIgnal Classification 

OFDM Orthogonal Frequency Division Multiplexing 

OSI Open Systems Interconnection 

PAM Pulse Amplitude Modulation 

PPM Pulse Position Modulation 

PU Primary User 

SU  Secondary User 
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QoS Quality of Service 

RSSI Received Signal Strength Indicator 

SINR Signal-to-Interference-Noise ratio 

SNR Signal to Noise Ratio 

SU Secondary User 

TH-IR Time Hopping Impulse Radio 

TPC Transmit Power Control 

TOA Time Of Arrival 

TR Time Reversal 

UWB Ultra Wide Band 
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