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ABSTRACT 
 

 

 

A main trend in current research on wireless communication technology is the realiza-
tion of dynamic access to radio spectrum. This trend is not only a challenge to tech-
nology but also increases the pressure on regulation authorities to rethink their licens-
ing and assignment of spectrum. Intelligent radio systems, so-called cognitive radios, 
are a promising way out of the regulatory dilemma of satisfying the consumer demand 
for freely available spectrum on the one hand and the underutilization of many li-
censed frequency bands on the other hand. Cognitive radios autonomously coordinate 
spectrum sharing in learning from their environment. They essentially increase the 
efficiency of spectrum utilization through interference avoidance and local re-use of 
frequency bands originally designated for exclusive operation. This thesis provides an 
overview about the options for radio spectrum regulation and dynamic spectrum ac-
cess with a special focus on spectrum sharing. 

The rising demand in wireless communication for free available spectrum goes along 
with increasing restrictions to spectrum utilization, i.e., Quality-of-Service (QoS) re-
quirements, as for instance in consumer electronics or other multimedia applications. 
Therefore, the widely spread standard for wireless local area networks IEEE 802.11 is 
extended through 802.11e with enhancements to support QoS. These enhancements 
are evaluated in this thesis in especially concentrating on distributed environments. 

The realization of spectrum sharing between different wireless networks is discussed 
in introducing a centralized approach for the coexistence and interworking of 
802.11(e) and 802.16. 

Spectrum sharing, either of unlicensed frequency bands or opportunistically used spec-
trum, requires a coordinated medium access of the competing cognitive radios to sup-
port nevertheless QoS. The distributed QoS support in modified 802.11e cognitive 
radio networks is evaluated in this thesis. Spectrum sharing among cognitive radios is 
discussed in applying and comparing solution concepts derived from information the-
ory on the one hand and from game theory on the other hand. These approaches allow 
cognitive radios to support and guarantee QoS when sharing spectrum without requir-
ing direct information exchange in observing past spectrum utilization. 

This thesis further highlights, how these two spectrum sharing algorithms can be 
specified in a policy description language allowing transparency and traceability in 
decision making about spectrum usage of cognitive radios as required for a liberaliza-
tion of spectrum regulation. 





 

 

KURZFASSUNG 
 

 

 

Ein Hauptziel der aktuellen Forschung auf dem Gebiet der drahtlosen Kommunikati-
onstechnik ist die Realisierung eines dynamischen Zugriffs auf das Frequenzspektrum. 
Dieses Ziel stellt nicht nur eine technologische Herausforderung dar sondern es fordert 
auch die Regulierungsbehörden auf die Lizenzierung und Vergabe von Spektrum 
grundlegend zu überdenken. Intelligente Funksysteme, so genannte Cognitive Radios, 
sind ein viel versprechender Ansatz den Interessenskonflikt vieler Regulierungsbehör-
den zu lösen: Einerseits besteht eine rege Nachfrage nach zusätzlichem, frei verfügba-
rem Spektrum und andererseits sind viele lizenzierte Frequenzbänder ungenutzt. 
Cognitive Radios sind in der Lage autonom Spektrum zu teilen, indem sie von ihrer 
Umgebung lernen. Dieses ermöglicht eine erheblich effizientere Nutzung des Spekt-
rums: Cognitive Radios vermeiden Interferenz und können, räumlich begrenzt, unge-
nutzte Frequenzen wieder verwenden, die ursprünglich für die exklusive Nutzung 
durch lizenzierte Funksysteme vorgesehen sind. Diese Arbeit stellt in einer Übersicht 
verschiedene Möglichkeiten der Lizenzierung von Spektrum und des dynamischen 
Zugriffs auf Spektrum dar. Dabei wird besonders die gemeinsame Nutzung von geteil-
tem Spektrum betrachtet. 

Der wachsende Bedarf an frei verfügbarem Spektrum wird von zunehmend restrikti-
ven Anforderungen an die Nutzung von Spektrum begleitet. Diese, so genannten 
Dienstgüteanforderungen, kommen zum Beispiel von Multimediaanwendungen oder 
aus der Unterhaltungselektronik. Der weit verbreitete IEEE 802.11 Standart für Wire-
less Local Area Networks (WLANs) ist daher für die Unterstützung von Dienstgüte 
um IEEE 802.11e erweitert worden. Diese Erweiterungen werden, unter besonderer 
Berücksichtigung von dezentralen Systemen, in der vorliegenden Arbeit vorgestellt 
und bewertet. 

Die Koexistenz und Zusammenarbeit verschiedener drahtloser Netze, die gemeinsam 
dasselbe Spektrum nutzen, wird in dieser Arbeit diskutiert. Dazu wird eine zentral 
koordinierende Instanz vorgestellt, welche IEEE 802.11(e) und IEEE 802.16 vereint 
und deren Zusammenarbeit ermöglicht.  

Angesichts des geteilten Spektrums müssen Cognitive Radios ihren Zugriff auf das 
Übertragungsmedium koordinieren, um nichtsdestotrotz Dienstgüte unterstützen zu 
können. Verfahren zur dezentralen Unterstützung von Dienstgüte werden in dieser 
Arbeit entwickelt und bewertet. Dazu werden Cognitive Radio Networks untersucht, 
die auf IEEE 802.11e basieren. Die Möglichkeiten Spektrum zu teilen werden disku-
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tiert indem Lösungskonzepte aus der Informationstheorie und der Spieltheorie ange-
wendet und verglichen werden. Mit Hilfe dieser Ansätze können Cognitive Radios 
Dienstgüte unterstützen und garantieren, ohne dass sie direkt Informationen austau-
schen müssen. Die Beobachtung von zurückliegender Nutzung von Spektrum nimmt 
dabei eine zentrale Rolle ein. 

Die vorliegende Arbeit hebt des Weiteren hervor, wie die zuvor diskutierten Algo-
rithmen in einer allgemeinen Beschreibungssprache spezifiziert werden können. Die-
ses gewährleistet einen transparenten und verfolgbaren Entscheidungsprozess darüber, 
wie Cognitive Radios das Spektrum nutzen. Dieses ist eine Voraussetzung für die 
Liberalisierung der Regulierung von Spektrum.  
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 “Coming together is a beginning; keeping together is progress; work-
ing together is success.” (Henry Ford, 1863-1947) 

“That government is best which governs least.”  
(Thomas Paine, 1737-1809) 

This thesis is about wireless communication in shared radio spectrum. Its origin and 
motivation is ideally represented by the two quotations from above. In this thesis, the 
support of Quality-of-Service (QoS) in cognitive radio networks is analyzed. New 
approaches to distributed coordination of cognitive radios are developed in different 
spectrum sharing scenarios. The Wireless Local Area Network (WLAN) 802.11 proto-
col of the Institute of Electrical and Electronics Engineers (IEEE) (IEEE, 2003) with 
its enhancement for QoS support (IEEE, 2005d) is taken as basis. The Medium Access 
Control (MAC) of 801.11(e) is modified to realize flexible and dynamic spectrum 
assignment within a liberalized regulation framework. 

1.1 Increasing Demand for Quality-of-Service 
The customer demands for wireless communication in the field of consumer electron-
ics and personal high data-rate networks indicate a promising commercial potential. 
The number of devices of manifold technologies will therefore substantially grow in 
the near future implying new arising problems coming along with this wide spreading. 
These problems, namely the spectral coexistence in shared frequencies, could be ne-
glected so far but have to be solved in the future to enable a further increase in this 
promising market and to grant economic success.  
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The rising demand in wireless communication for free available spectrum goes along 
with increasing restrictions to spectrum utilization, i.e., QoS requirements, as for in-
stance in consumer electronics or other multimedia applications. The unlicensed spec-
trum is extremely limited and new spectrum will not be available soon, as regulatory 
changes of regulatory status from licensed to unlicensed band are difficult and take a 
lot of time. Though the number of dissimilar radio systems sharing a common spec-
trum is growing, current radio systems are not designed for mutual coordination and 
information exchange (Mangold, 2003). Such scenarios are not addressed in existing 
radio standards like the popular IEEE 802.11(e) but discussed for future radio systems 
in many standardization and regulation bodies all over the world. 

New radio systems need intelligent capabilities to support distributed QoS when shar-
ing spectrum with similar radio systems and in the presence of systems which have no 
coexistence capabilities. Interfering legacy systems or systems not designed for ena-
bling coexistence are examples for such systems operating in unlicensed bands. 

1.2 Scarcity and Waste of Spectrum 
The unsatisfied demand for freely available radio spectrum indicates that the necessary 
radio spectrum will not be available in the near future. The present regulation frame-
work constrains the fast changing of the spectrum’s status. The limited nature of radio 
resources in the current unlicensed frequency bands is the main reason for this scarcity. 
Many radio systems that support consumer electronics and personal high data-rate 
networks operate in these unlicensed frequency bands. Even worse, the demand for 
additional spectrum is growing faster than the technology is able to increase spectral 
efficiency, although latest research has had tremendous success to increase spectral 
efficiency and capacity in radio communication. Multiple Input Multiple Out-
put (MIMO) and Space Time Division Multiple Access (SDMA) are just two examples 
for the recent advance in communication technology. In comparison to other licensed 
radio systems, today’s widely deployed radio systems operating in the unlicensed 
frequency bands are already efficiently using these bands due to local re-use.  

Only a small fraction of radio spectrum is open for free, unlicensed operation. Many 
radio systems require rigorous protection against interference from other radio devices. 
Nowadays, such protection against interference is guaranteed in licensing radio spec-
trum for exclusive usage. Most of the radio spectrum is therefore licensed to tradi-
tional communication systems resulting into inefficient spectrum usage. Spectrum is 
wasted due to many reasons: The economic failure of licensed radio services may lead 
to unused spectrum. Public safety and military radio systems require spectrum for 
occasional operation which leads to an additional amount of many times unused spec-
trum. Further, technological progress in communication results into the improvement 
of the spectral efficiency of existing licensed communication systems like for instance 
the digitalization of TeleVision (TV) broadcasting, so that less spectrum is required to 
provide the same service. As a result, large parts of the spectrum are currently used 
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inefficiently. Consequently, the traditional regulation of spectrum requires a funda-
mental rethinking in order to avoid waste of spectrum and to hopefully increase public 
welfare. 

1.3 Technical Approach 
Future radio systems should autonomously coordinate themselves to support QoS in 
scenarios where spectrum is shared, i.e., in the presence of other, possibly competing 
radio systems. Such radios designed for efficiently using shared spectrum and not 
causing at the same time significant harmful interference to incumbent (primary, li-
cense holding) radio systems are referred to as “cognitive radios” (Mitola, 1995, 2000). 
Cognitive radios are radio systems that autonomously coordinate the usage of shared 
spectrum. They identify radio spectrum when it is unused by the incumbent radio 
system and use this spectrum in an intelligent way based on spectrum observation. 
Flexible and dynamic spectrum assignment realized through cognitive radios may be a 
solution of today’s regulatory dilemma. Spectrum regulation has to balance on the one 
hand the demand for open, unlicensed spectrum, and on the other hand the legal rights 
of current license holders. Therefore, a detailed overview about radio spectrum regula-
tion and dynamic spectrum access is given in this thesis. 

Cognitive radios require a flexible, software-based protocol stack in order to take 
maximum benefit from flexible and dynamic spectrum usage. Therefore, this thesis 
discusses the realization of a multi-mode capable communication protocol based on a 
generic protocol stack. These modes represent specific radio access technologies with 
a common functional as well as architectural basis which form the generic protocol 
stack. 

Current wireless communication standards only have a limited capability of sharing 
spectrum. Especially the support of QoS under competition in distributed environ-
ments is nearly impossible. IEEE 802.11(e) offers the very limited possibility to sup-
port QoS in such environments. Therefore, this thesis analytically models and evalu-
ates the distributed QoS support of 802.11(e) with stochastic simulation. The coexis-
tence and interworking of 802.11(e) and the IEEE 802.16 in modifying the existing 
medium access protocols is also discussed in this thesis. 

Spectrum sharing, either of unlicensed frequency bands or opportunistically used spec-
trum, requires a coordinated medium access of the competing cognitive radios to sup-
port QoS. The distributed QoS support in modified 802.11(e) cognitive radio networks 
is evaluated in this thesis. Spectrum sharing among cognitive radios is discussed in 
applying and comparing solution concepts derived from information theory on the one 
hand and from game theory on the other hand. These approaches to distributed spec-
trum sharing without direct information exchange between radios based on the obser-
vation of past spectrum utilization are the main focus of this thesis. 
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1.4 Contributions of this Thesis 
An appropriate multi-mode reference protocol architecture facilitating the convergence 
of multiple modes is defined in this thesis followed by a proof of concept which illus-
trates the implementation of protocols for wireless communication corresponding to 
this reference architecture. 

The limitations of distributed QoS support IEEE 802.11e are highlighted and a concept 
for the centrally coordinated interworking of 802.11e and 802.16 is proposed in this 
thesis. 

Two new approaches of different complexity to distributed QoS support in spectrum 
sharing are developed and analyzed. These approaches define rules for an aimed inter-
action and enable cognitive radios to share spectrum among each other and with in-
cumbent radio systems. The cognitive radios thereby autonomously coordinate their 
medium access in observing past spectrum utilization. 

The successful, comprehensive specification of these two approaches in a policy de-
scription language demonstrates the realization of policy based spectrum sharing and 
indicates a way to less restrictive spectrum regulation. 

A fundamental recommendation for regulating spectrum in the time domain is given in 
order to protect spectrum sharing cognitive radios with restrictive QoS constrains: The 
usage of deterministic spectrum allocation patterns with a limited duration of each 
allocation. 

1.5 Outline 
This thesis is outlined as follows: Flexible wireless communication in the context of 
radio spectrum regulation, real-time spectrum assignment and spectrum sharing are 
discussed in Chapter 2. A detailed introduction to and definition of cognitive radio 
networks is also given there.  

A reference protocol architecture for multi-mode capable radio systems is discussed in 
Chapter 3 ending up in a proof of concept: Three different modes of protocol layers 
are composed out of a common toolbox of protocol functions, here referred to as ge-
neric protocol stack. 

Chapter 4 gives a short insight into the IEEE 802.11 protocol for WLANs and its en-
hancements to support QoS denoted as 802.11e. The capability to support QoS with 
the means of 802.11e in distributed environments is examined by analytic approxima-
tion and simulation. 

The coexistence and interworking between IEEE 802.16 and IEEE 802.11(e) operating 
at the same frequency is introduced in Chapter 5. The 802.11(e) MAC frames are 
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integrated into the 802.16 frame structure in order to realize coordination by a central 
coordinating instance referred to as Base Station Hybrid Coordinator (BSHC).  

The application of waterfilling, derived from information theory, on the medium ac-
cess in the time domain is named in this thesis Spectrum Load Smoothing (SLS). The 
SLS, as distributed approach to spectrum sharing, is discussed and analyzed in Chap-
ter 6. The capability to support QoS while protecting incumbent radio systems from 
harmful interference is evaluated by simulation in different spectrum sharing scenarios.  

Chapter 7 introduces a stage-based game model for analyzing the competition of spec-
trum sharing cognitive radios, each represented by a player. A multi-dimensional util-
ity function, as abstract representation of the observed QoS, is defined. It is the target 
of the players’ optimization efforts when interacting from stage to stage. The behavior 
within a so-called Single Stage Game (SSG) is defined in Chapter 8 followed by an 
equilibrium analysis of potential game outcomes under consideration of the microeco-
nomic concepts of Nash equilibrium and Pareto efficiency. Repeated SSG form a 
Multi Stage Game (MSG). Chapter 9 introduces strategies in MSGs of different com-
plexities and analyzes the existence of equilibria in the players’ interaction over multi-
ple SSGs. The QoS support in spectrum sharing scenarios in applying different strate-
gies is evaluated by simulation at the end of this chapter.  

The two approaches to spectrum sharing analyzed in the previous chapters are speci-
fied in a policy description language in Chapter 10. This chapter discusses policy-
based spectrum sharing and reasoning at the example of these two approaches. 

Chapter 11 ends this thesis with a conclusion and an outlook on the future of cognitive 
radios.  

The simulation tool applied for evaluating spectrum sharing in this thesis is introduced 
in Appendix A and the fundamental analytic models used in this thesis are outlined in 
Appendix B. A brief overview about regulation bodies and global institutions related 
to the regulation of radio spectrum is given in Appendix C. 
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A main trend in current research on wireless communication technology is the realiza-
tion of dynamic and flexible access to radio spectrum. In the recent years various re-
search organizations initiated programs and projects aiming at the improvement of 
flexibility in wireless communication and spectrum access. In the US, the SDRforum 
(SDRforum, 2005) is targeting at a reconfigurable system architecture for wireless 
networks and user terminals on the basis of Software Defined Radio (SDR). The De-
fense Advanced Research Projects Agency (DARPA) NeXt Generation Communica-
tion (XG) program, financed by the US-government, aims at developing a de-facto 
standard for cognitive radio and dynamic spectrum assignment (DARPA, 2003, 2004b, 
2005). The integrated projects Wireless World INitiative NEw Radio (WINNER) 
(Mino Diaz et al., 2004; Mohr, 2005; WINNER, 2005) and End-to-End Reconfigura-
bility (E2R) (Bourse et al., 2004; Bourse et al., 2005; E2R, 2005) of the 6th Frame-
work research funding Program (FP6) of the European Union concentrate both on 
flexible radio-interfaces and network architectures. These integrated projects build on 
the work of the Wireless World Research Forum (WWRF) (WWRF, 2005). The view 
of the WWRF on future scenarios and strategies is summarized in white papers as for 
instance (Berlemann et al., 2005d; Stavroulaki et al., 2004). E2R and DARPA XG are 
also working on flexible and dynamic spectrum usage and related impacts on spectrum 
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regulation. Further details on the different emphases of the European projects in the 
context of multi-mode capable systems are also introduced in Chapter 3.  

This chapter begins with a definition of terms related to cognitive radio in Sections 2.1 
and 2.2 through a conceptual classification of their different understandings in re-
search. An overview about options for regulating spectrum and liberalizing access to 
radio spectrum is given thereafter in Sections 2.3 to 2.8. Approaches enabling spec-
trum sharing play thereby a decisive role. Finally, the different approaches to regula-
tion of spectrum usage which have been introduced in this chapter are summarized in 
Section 2.9 in taking the aspect of QoS into account.  

2.1 From Software Defined Radio to Cognitive Radio  
2.1.1 Software Defined Radio and Software Radio 
Software-based radios target at a replacement of the hardware-oriented, application-
specific realization of current communication devices with flexible software applica-
tions performing communication functions on a common computing platform. If the 
communication functions of a transceiver are completely realized as programs operat-
ing on a suitable processor, this transceiver is referred to as Software Radio 
(SR) (Mitola, 1995). The digitalization is done directly after radio wave reception at 
the antenna and all the signal processing is done by software. SDRs (Tuttlebee, 2002a, 
2002b) are a prior step in the evolution to SRs and thus more practicable: The analog 
signals are processed after a suitable band filter is selected. SDRs are factual reality 
when taking the recent convergence of software and digital radio into account. Though 
the SR concept is related to all layers of the protocol stack, many research efforts con-
centrated in the past on the PHYsical layer (PHY). In the last five years this scope was 
extended to the complete software of a device used for communication by introducing 
new concepts (and buzzwords) that all base on SDRs as introduced in the next sections. 
Basic concepts, the terminology of SDRs and its evolution to cognitive radios are also 
discussed in (Jondral, 2005). A communication system of SDRs can have the follow-
ing characteristics 

• Multi-band system operating in multiple frequency bands as for instance in the 
Industrial, Scientific and Medical (ISM) band at 2.4 and the Unlicensed Na-
tional Information Infrastructure (U-NII) at 5 GHz 

• Multi-standard system supporting more than one radio standard of the same 
protocol family (e.g., IEEE 802.11a/b/g) or of different radio access technolo-
gies (Universal Mobile Telecommunications System (UMTS), General Packet 
Radio Service (GPRS) and IEEE 802.11b) 

• Multi-channel system enabling simultaneous transmission and/or reception on 
multiple channels 



2.1 From Software Defined Radio to Cognitive Radio 9

The multi-mode systems that are currently in the focus of many research initiatives 
combine these three characteristics as introduced in Chapter 3. The modes represent 
thereby specific radio access technologies with a common functional as well as archi-
tectural basis which form the generic protocol stack. 

2.1.2 Composite Radio and Reconfigurable Radio 
The devices of a heterogeneous wireless infrastructure that use multiple operation 
modes (possibly simultaneously) can be referred to as composite radios (Demestichas 
et al., 2003). The composite radio concept implies pre-installed operation modes com-
plementing each other for optimized network utilization and Quality-of-Service (QoS) 
support. The dynamic selection, installation and adaptation of the devices’ modes to 
the communication environment and changing user demands are introduced with the 
reconfigurable radio concept (Demestichas et al., 2004). The term reconfigurable 
radio is mainly used by European researchers. The technical realization of a recon-
figurable terminal, e.g., by means of mode monitoring, mode switching or software 
download is discussed in (Mehta et al., 2001). Reconfigurability provides the basis for 
the following key objectives (Dillinger et al., 2003): 

• Adaptation of the radio interface to the locally present communication envi-
ronments and radio interface standards 

• The integration of new applications and services 

• Software updates and over the air download 

• Exploitation of flexible heterogeneous services provided by the radio network. 

With these key objectives, reconfigurable radios raise the focus from the terminal 
centric view to the network perspective. In this context the term end-2-end recon-
figurability is often used which considers all elements of the communication network 
including services and applications, as investigated in the E2R project. Contrary to this 
centralized view from the network level, the cognitive radio network, as introduced 
below, is based on a distributed network architecture.  

2.1.3 Cognitive Radio 
Cognitive radio will lead to a revolution in wireless communication with significant 
impacts on technology as well as regulation of spectrum usage to overcome existing 
barriers. Cognitive radio, including SDR as enabling technology, is suggested for the 
first time in (Mitola and Maguire, 1999; Mitola, 2000; Mitola, 1999) to realize a flexi-
ble and efficient usage of spectrum. Cognitive radio is an enhancement of SR which 
again emerged from SDR. Thus, cognitive radio is the consequent step from a flexible 
physical layer to a flexible system as a whole similar to reconfigurable radio.  

The term cognitive radio is derived from “cognition”. According to Wikipedia 
(Wikipedia, 2005) cognition is referred to as 
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• Mental processes of an individual, with particular relation 

• Mental states such as beliefs, desires and intentions 

• Information processing involving learning and knowledge  

• Description of the development of knowledge and concepts within a group 

Resulting from this definition, the cognitive radio is a self-aware communication sys-
tem that efficiently uses spectrum in an intelligent way. It autonomously coordinates 
the usage of spectrum in identifying unused radio spectrum on the basis of observing 
spectrum usage. The classification of spectrum as being unused and the way it is used 
involves regulation, as this spectrum might be originally assigned to a licensed com-
munication system. This secondary usage of spectrum is referred to as vertical spec-
trum sharing, which is introduced in Section 2.5.2. To enable transparency to the con-
sumer, cognitive radios provide besides cognition in radio resource management also 
cognition in services and applications (context awareness). The mental processes of a 
cognitive radio based on the cognition circle from (Mitola, 2000) are depicted 
Figure 2.1. Cognition is illustrated at the example of flexible radio spectrum usage and 
the consideration of user preferences. In observing the environment, the cognitive 
radio decides about its action. An initial switching on may lead to an immediate action, 
while usual operation implies a decision making based on learning from observation 
history and the consideration of the actual state of the environment.  

The Federal Communications Commission (FCC) has identified in (FCC, 2005a) the 
following (less revolutionary) features that cognitive radios can incorporate to enable a 
more efficient and flexible usage of spectrum:  

• Frequency Agility – The radio is able to change its operating frequency to op-
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Figure 2.1: Mental processes of a cognitive radio based on the cognition 
cycle from (Mitola, 2000). 



2.1 From Software Defined Radio to Cognitive Radio 11

timize its use in adapting to the environment. 

• Dynamic Frequency Selection (DFS) – The radio senses signals from nearby 
transmitters to choose an optimal operation environment, see Section 2.6.1. 

• Adaptive Modulation – The transmission characteristics and waveforms can 
be reconfigured to exploit all opportunities for the usage of spectrum 

• Transmit Power Control (TPC) – The transmission power is adapted to full 
power limits when necessary on the one hand and to lower levels on the other 
hand to allow greater sharing of spectrum, see Section 2.6.2. 

• Location Awareness – The radio is able to determine its location and the loca-
tion of other devices operating in the same spectrum to optimize transmission 
parameters for increasing spectrum re-use. 

• Negotiated Use – The cognitive radio may have algorithms enabling the shar-
ing of spectrum in terms of prearranged agreements between a licensee and a 
third party or on an ad-hoc/real-time basis, see Section 2.5 and thereafter. 

Strictly following this definition modern Wireless Local Area Networks (WLANs) can 
already be regarded as cognitive radios: IEEE 802.11 devices operate with a listen-
before-talk spectrum access, dynamically change the operation frequencies in using 
DFS and adapt their transmission power in applying TPC. 

In recent research, cognitive radios are also referred to as “spectrum agile radios” 
(Mangold et al., 2004a; Mangold et al., 2005a) to indicate an emphasis on dynamic 
spectrum usage. Mangold et al., (2004a) focus on IEEE 802.11k for radio resource 
measurements as an approach to facilitate the development of spectrum agile radios, 
whilst Mangold et al. (2005a) introduce spectrum agile radios as a society of value 
oriented machines. Basic concepts are taken there from social science to classify the 
social action of independent decision-makers. These concepts are applied to define 
system strategy rules in complementing the approaches to spectrum sharing introduced 
in this thesis. 

This understanding of cognitive radios is summarized in the following definition of a 
cognitive radio (Haykin, 2005): 

Cognitive radio is an intelligent wireless communication system that is 
aware of its surrounding environment (i.e., outside world), and uses the 
methodology of understanding-by-building to learn from the environ-
ment and adapt its internal states to statistical variations in the incom-
ing radio frequency stimuli by making corresponding changes in certain 
operating parameters (e.g., transmit power; carrier-frequency, and 
modulation strategy) in real-time, with two primary objectives in mind:  
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(i) highly reliable communication whenever and wherever needed and 
(ii) efficient utilization of the radio spectrum.  

Two different approaches to the analysis and realization of these key objectives are 
developed in this thesis in extending the two goals from above with the aspect of QoS 
support. The efficiency of spectrum utilization is improved in introducing spectrum 
sharing methods that include the re-use of unused licensed spectrum. The considered 
algorithms also enable distributed QoS support in aiming at a highly reliable commu-
nication. The approaches of this thesis further increase spectrum efficiency in aiming 
at interference mitigation, i.e., mutual delay reduction and collision avoidance. In 
concentrating mainly on the Medium Access Control (MAC) layer the presented ap-
proaches can be regarded as the realization of a cognitive medium access. 

2.2 Cognitive Radio Networks 
Cognitive radio networks are a logical generalization of cognitive radios. The exten-
sion of the focus from the individual cognitive radio to a cognitive radio network aims 
especially at improving spectrum utilization through spectrum re-use. Additionally, the 
coverage area can be increased when a meshed wireless backbone network of infra-
structure links is established based on Cognitive Access Points (CAPs) and fixed Cog-
nitive Relay Nodes (CRNs) as illustrated in Figure 2.2. The capacity of a CAP, con-
nected via a wired broadband access to the internet, is distributed into a large area with 
the help of fixed CRN. The classical understanding of a planned relay-based deploy-
ment concept, as introduced in (Pabst et al., 2004; Walke and Briechle, 1985) and 

 
Figure 2.2: Scenario of different cognitive radio networks opportunistically operating in incum-
bent’s frequency bands. 
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Section 3.1, is extended here with the cognitive radio paradigm: The distributed oper-
ating cognitive radios form on their own a relay-based meshed network that flexibly 
uses radio spectrum. Such a cognitive radio network for instance has the ability to add 
temporarily or permanently bandwidth, i.e., spectrum, to the infrastructure links used 
for relaying in case of high traffic load. The cognitive radio network operates on an 
opportunistic basis in unused frequency bands. Vertical spectrum sharing, as intro-
duced in Section 2.5.2, enables thereby operation in frequency bands originally li-
censed to other radio systems as for instance TV/radio broadcasts or emergency ser-
vices. The protocol stack of the cognitive radios supports multiple modes to optimally 
exploit the different characteristics of the wireless links composing the cognitive radio 
network. The efficient realization of such a multi-mode protocol stack is introduced in 
Section 3.  

2.2.1 Essential Characteristics 
Several essential characteristics of a cognitive radio network can be identified. In order 
to increase the chances for economic success in the future, these characteristics have to 
be satisfied: 

• Self configuration: CAPs/CRNs can be installed by the customer by simply 
switching on the device. This implies over-the-air software download for up-
grades (e.g., of the communication protocol software or spectrum policies) and 
a self-healing in case of malfunctions or partial network break downs. The self 
configuration establishes a stable relaying infrastructure that enables a QoS 
guarantee involving power control, frequency selection, neighbor discovery and 
relaying configuration.  

• Low hardware costs: All devices of the cognitive radio networks are mass 
market products leading to consumer prices for CAPs/CRNs below 100 US$.  

• Small-sized hardware: The cognitive CAPs/CRNs are rather hamburger-sized 
than having the dimensions of a base station with a large sized transmission 
mast. CAPs/CRNs are inconspicuous, house wall mounted devices leading to a 
high acceptance by the customers. Thus, cognitive radio networks can ideally 
be deployed as communal/neighborhood wireless broadband networks in reve-
nue-rich urban and dense built industrial areas. 

• Transparency to the consumer: The complexity of the cognitive radio net-
work is hidden to the user. Nevertheless, there exists a transparency of costs 
from the customer perspective. The customer is ubiquitously connected and the 
communication costs are under his/her control. 

These characteristics enable attractive business models where the operator offers a 
subvention of the hardware to build up the wireless network infrastructure. These 
CAPs/CRNs are installed by the consumer when buying terminal equipment of the 
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cognitive radio network like a Wireless Personal Area Network (WPAN) access point. 
The policy-based reasoning as described in Section 10.1 enables operator specific 
cognitive radio network deployments. Policies enable the distributed coordination 
necessary to realize self-configuration. They define the characteristics for the consid-
eration of a link as relay-link of the wireless infrastructure and take this into account in 
spectrum usage. Policies specify the restrictions to spectrum usage in terms of band-
width and time of spectrum access that are required for the relay-links to enable a QoS 
guarantee. From the operator perspective policies can be used to define for instance 
behaviors of cognitive radios in case of relaying requests from radios of the same or of 
another operator. 

2.2.2 Spectrum Information Base 
The Spectrum Information Base (SIB) is a location-specific data base for spectrum use 
reflecting each cognitive radio’s view on the “outside world”. The SIBs are hierarchi-
cally administered on the network-level. The comprehensiveness of a SIB depends on 
the logical function fulfilled by the corresponding cognitive radio. The reception range 
of a signal transmitted by the cognitive radio determines the covered area of the SIB in 
order to avoid interference and to enable coordination with other spectrum sharing 
devices. The potential interference to other radio systems depends mainly on its trans-
mission power but takes also the propagation environment into account. 

The SIB helps to increase accuracy of spectrum opportunity identification, eliminates 
hidden stations, reduces individual effort of measuring spectrum utilization, and is 
required for the control of re-use of spectrum. 

The SIB is basis for deciding, i.e., reasoning, about the dedicated spectrum allocation 
of a cognitive radio. With its information about spectrum usage, the SIB facilitates the 
identification of under-utilized spectrum done by a so-called spectrum navigator which 
is described in Chapter 10. The spectrum navigator processes spectrum policies that 
are valid at this time and location and specifies concrete spectrum usage. In case of 
spectrum trading, as introduced in Section 2.4, the SIB helps to decide whether sup-
plementary spectrum has to be bought from spectrum brokers offering the lease of 
spectrum. 

2.2.3 Similar Approaches and Related Work 
A less complex example for a cognitive radio network is introduced with the Base 
Station Hybrid Coordinator (BSHC) concept in Chapter 5: The BSHC is a multi-mode 
capable Access Point (AP) or Relaying Node (RN) that supports IEEE 802.16a for the 
infrastructure links and IEEE 802.11e (or even IEEE 802.16e) for the service provi-
sion links to the mobile user. The BSHC network is operating in unlicensed spectrum 
and it enables the coexistence and interworking of 802.11 and 802.16 at a give fre-
quency channel. 
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A comparable approach is the Dynamic Intelligent Management of Spectrum for Ubiq-
uitous Mobile-access Networks (DIMSUMnet) that enables a coordinated real-time 
access to spectrum (Buddhikot et al., 2005). The focus of the DIMSUMnet is limited 
on the improvement of the access to spectrum in the domains of time, frequency and 
space - different to an opportunistic usage of spectrum as discussed in this thesis. The 
authors are also aware of the advantages of a relay-based system enabling the coordi-
nated re-use of spectrum and introduce therefore a DIMSUM-RelayCluster architec-
ture. The DIMSUMnet is concreted in (Buddhikot and Ryan, 2005) through the inves-
tigation of candidate algorithms for dynamic spectrum access in cellular Code Division 
Multiple Access (CDMA) networks. 

In the field of internet research, cognitive networks are discussed as promising new 
architectural principle in (Clark et al., 2003). There, the idea of a knowledge plane is 
suggested that is separated from the control- and data-plane. This knowledge plane 
enables the cognitive network to autonomously identify a problem and fix it with self-
configuration. Based on this, Mähönen (2004) and Mähönen et al. (2004) suggest to 
take wireless networks and telephony into account from the beginning, when design-
ing a knowledge plane for cognitive radio networks. In the context of end-2-end recon-
figurability the knowledge plane is part of the distributed decision making of a recon-
figuration management plane (Alonistioti et al., 2004). 

Cognitive radios are based on a sophisticated radio resource management that goes 
beyond the usual functionality in extending the channel management for a given fre-
quency band to under-utilized spectrum available in other bands.  

 
Figure 2.3: Each device of the cognitive radio network administrates its local spectrum opportuni-
ties in an individual Spectrum Information Base (SIB) of different comprehensiveness.  
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2.3 Radio Spectrum Regulation 
A brief overview about regulation bodies and global institutions related to the regula-
tion of radio spectrum is given in Appendix C.  

2.3.1 Origin and Scope of Radio Spectrum Regulation 
The loss of the Titanic in April 1912 was a milestone for the introduction of radio 
spectrum regulation: Many people were rescued due to the reception of the radioed 
SOS but many lives where lost due the absence of the radio operator of the nearest 
ship. This event indicated the relevance of radio communication for public safety and 
the dangers from unreliable communication (Lucky, 2001). Regulation of radio spec-
trum has its origin in the economic regulation of railroads: In the US, the Communica-
tions Act from 1934 and its predecessors where principally concerned about control of 
monopoly power when the market is served by a single provider (May et al., 2005). 
Since the beginning of the 19th century, communication services of telephony, radio 
and television have been regulated according to this model to provide service to the 
public on a nondiscriminatory basis to fair and reasonable prices and conditions.  

From the technical point of view, radio spectrum is a public resource that can be used 
without many limitations. The usage of spectrum implies always interference to 
neighboring radios sharing the same spectrum. Therefore, radio spectrum regulation is 
required to allow a reliable and efficient spectrum usage. Regulators approach spec-
trum regulation in determining how particular bands of spectrum can be used, make 
rights available to licensees or unlicensed users and define rules constraining the ac-
cesses to this spectrum. Ideally, the regulators’ decision making targets at the increase 
of public welfare and it reflects the public interest.  

In radio spectrum regulation it has to be distinguished between “trading”, as transfer of 
spectrum usage rights and “liberalization”, as weakening of restrictions and limitations 
associated with spectrum usage rights related to technologies and services.  

The regulation of radio spectrum has different characteristics: 

• Licensed spectrum for exclusive usage is enforced and protected through the 
regulator. Frequency bands sold for being used by UMTS are an example for 
the exclusive usage rights at licensed spectrum. 

• Licensed spectrum for shared usage is restricted to a specific technology. 
The frequencies assigned to Digital European Cordless Telecommunica-
tions (DECT) and Personal Communications Service (PCS) are an example for 
this model. The secondary usage of under-utilized licensed spectrum through 
intelligent radio systems is a different kind of sharing licensed spectrum and 
will be discussed in Section 2.5.2.  

• Unlicensed spectrum is available to all users operating in conformance to 
regulated technical etiquettes or standards, like the U-NII bands at 5 GHz. 
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• Open spectrum is a new trend (Berger, 2003; Weinberger et al., 2005; Wer-
bach, 2002). It allows anyone to access any range of spectrum without any 
permission under consideration of a minimum set of rules from technical stan-
dards or etiquettes that are required for sharing spectrum. 

The report of the FCC’s Spectrum Policy Task Force (FCC, 2002) defines spectrum 
regulatory mechanisms in a similar way. There, the assignment of spectrum rights is 
differentiated into an “exclusive use” model, a “command-and-control” model and a 
“commons” or “open access” model. The “command-and-control” is currently the 
preferred regulation model and refers to the “licensed spectrum for shared usage” and 
“unlicensed spectrum” models. 

Radio spectrum regulation has to take influence on the development of access proto-
cols and standards to balance the following goals (Peha, 2000): 

• An adequate QoS should be possible to all radios depending on the supported 
applications 

• No radio should be blocked from spectrum access and transmission for ex-
tended durations 

• Spectrum management policies and standards should not slow down innova-
tions in the economically significant, but rapidly changing, communication sec-
tor 

• The limitedly available spectrum should be used efficiently, including special 
re-use of spectrum and solving the “tragedy of commons” which is described in 
Section 2.3.2 

• Spectrum can be used in a dynamically adaptive way, taking the local commu-
nication environment like spectrum usage policies into account 

• The costs of devices should be not increased significantly through techniques 
prescribed by regulation 

2.3.2 Licensed and Unlicensed Spectrum 
2.3.2.1 Licensed Spectrum 
Large parts of the radio spectrum are allocated to licensed radio services in a way that 
is often referred to as “command-and-control”. Licensing spectrum covers the exclu-
sive access to spectrum and the spectrum sharing of the licensed spectrum through 
strictly regulated devices. 

In case of exclusive spectrum usage, a license holder pays a fee to have this privilege. 
Exclusive access rights have the advantage of preventing potential interference which 
implies dangers to a reliable and thus chargeable communication. In case of spectrum 
scarcity, licensed spectrum is highly valuable leading to economic profits, as consum-
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ers need to pay for using it. Having an immense commercial impact, spectrum licenses 
can be bounded to requirements which are to be fulfilled like a concrete transmission 
technology allowed in this spectrum or a certain percentage of population to be 
reached by the network when licensing the spectrum. The UMTS auctions in Europe 
are an example for this. Licenses in recent times are time bound. 

Today’s most often used licensing model in Europe is to license spectrum for shared 
usage restricted to a specific technology. Emission parameters like the transmission 
power and interference to neighboring frequencies like out of band emissions are re-
stricted. Regulation takes care for protection against interference and for a limited 
support of coexistence capabilities like Dynamic Channel Selection (DCS) in DECT 
that are mandatory and part of the standard. 

2.3.2.2 Problem with Licensing 
Licensing spectrum takes a lot of time and is very difficult. Therefore, licensing is also 
very expensive. The licensing process constrains innovation as it forms a barrier which 
is difficult to overcome when introducing new technologies. The inflexibility of exclu-
sive usage rights from licensing spectrum leads to inefficient spectrum utilization, as 
the license prohibits the usage of the spectrum if it is under-utilized or even unused by 
the license holder.  

Already in 1959, R. H. Coase1 criticized spectrum allocation by government and spec-
trum licensing in the “public interest” (Coase, 1959). He suggested the issuance of 
clearly-delineated rights of spectrum ownership as efficient method of allocating spec-
trum to users. Coase observed that “government control” is not required for economic 
development of spectrum usage; instead “government control” constrains it. Coase 
defined therefore a general theorem, referred to as “Course Theorem”: It implies that 
well-defined property rights and moderate trading costs for these rights lead to an 
efficient allocation of resources (Coase, 1960). Consequently, Coase is often referred 
to as the “father” of reforming spectrum policy.  

Another problem with licensing is the duration of a license. Typically, licenses in the 
US expire after 10 years, but can be renewed. Temporal licenses give the regulator the 
possibility to intervene if the spectrum is under-utilized or wasted. The regulator is 
able to answer market demands in shifting, extending or re-issuing licenses and can in 
this way accelerate the introduction of new technologies. The danger of temporal li-
censes on the other hand is that uncertainty about future regulatory decisions may 
constrain investments (Peha, 1998).  

Licenses are often issued based on auctions. The advantage or disadvantage of this 
procedure is discussed in economic science for many years: Auctions for selling spec-
trum access rights (referred to as trading at the primary market as introduced below) 

1 Ronald H. Couse (*1910), economist, Nobel price in economic science 1991 
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are mainly a revenue-tool for governments and do not reflect social values. The one-
time payments from auctions are often used by short-sighted governments to pay for 
annual expenditures. For a discussion on auctions of licenses for using spectrum, the 
interested reader is for instance referred to (Hazlett, 1998; Noam, 1998).  

2.3.2.3 Unlicensed Spectrum 
The access to unlicensed spectrum is open but its utilization is strictly regulated. An 
unlimited number of users are sharing the same unlicensed spectrum. Spectrum usage 
is allowed to all devices that satisfy certain technical rules or standards in order to 
mitigate potential interference. Examples for these technical rules are the limitation of 
transmission power or advanced coexistence capabilities. The usage rights at unli-
censed spectrum are flexible and no concrete methods to access spectrum are specified.  

Europe 
A general overview for the regulation of using short range devices in Europe can be 
found in (ERC, 2005). The regulations for the usage of the 2400-2483.5 MHz band are 
described in (ERC, 2001): The Equivalent Isotropic Radiated Power (EIRP) is limited 
there to 100 mW. Further, for Direct Sequence Spread Spectrum (DSSS), the maxi-
mum spectrum power density is limited to -20 dBW/1 MHz and for Frequency Hop-
ping Spread Spectrum (FHSS) the maximum spectrum power density is limited 
to -10 dBW/100 kHz. The operation in the 5 GHz frequency bands is regulated 
in (ECC, 2004): The 5150-5350 MHz band is designated for indoor usage with a mean 
EIRP of 200 mW and DFS together with TPC are required above 5250 MHz. The 
frequencies from 5470-5725 MHz may be used indoors as well as outdoors and the 
mean EIRP is limited in this band to 1 W. The usage of DFS and TPC is also manda-
tory. This frequency band is not available in the US for unlicensed operation: There, 
the frequencies above from 5725-5825 MHz are open to unlicensed usage. These fre-
quency bands at 5 GHz are together referred to as U-NII band. Compared to the US, 
the multitude of different regulation authorities present in Europe results into a slower 
liberalization of radio spectrum regulation.  

United States 
Figure 2.4 illustrates the status of unlicensed spectrum in the US. Besides the ISM 
bands at 900 MHz and 2.4 GHz, the FCC opened for unlicensed operation in 1990 
during PCS rule making 20 MHz at 1.9 GHz for Unlicensed PCS (UPCS). Addition-
ally, FCC reserved in 1997 300 MHz and in 2003 255 MHz at 5 GHz for unlicensed 
operation. This frequency band at 5 GHz is referred to as U-NII band. Contrary to the 
ISM bands, the usage of the U-NII bands is more restricted: There, limited coexistence 
capabilities like DFS and TPC, as introduced below, are mandatory (FCC, 2003a). 

As TV bands in the US are often under-utilized, the FCC proposed in 2004 to allow 
unlicensed systems the secondary usage of this spectrum (FCC, 2004b). This principle 
of vertical spectrum sharing is introduced in detail in Section 2.5.2. 
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In 2004, the FCC also initiated the opening of new spectrum for wireless broadband 
communication in the 3650-3700 MHz band for fixed and mobile devices transmitting 
at higher power (FCC, 2004a). It is envisaged, that multiple users share this spectrum 
through the use of “contention-based” protocols to minimize interference between 
fixed and mobile operation. These contention-based protocols will help to reduce the 
possibility of interference from co-frequency operation by managing each station’s 
access to spectrum. The FCC regards this approach as reasonable, cost-effective 
method for ensuring that multiple users can easily access the spectrum. Besides a few 
regional constrains, at radar sites and frontiers of the US, fixed stations will be allowed 
to operate with a peak power limit of 25 Watts per 25 MHz bandwidth, and mobile 
stations with a peak power limit of 1 Watt per 25 MHz bandwidth. Further details on 
the FCC’s understanding of contention-based protocols are outlined in the context of 
IEEE 802.11y in Section 2.7.3. The licensing, service and operation provisions for this 
spectrum will be placed in Part 90 of the FCC’s rules in the “Code of Federal Regula-
tions, Title 47 Telecommunication” in order to reflect the non-exclusive nationwide 
nature of this spectrum. The status of this frequency band is currently subject to inten-
sive lobbying from different protocol fractions in wireless communication. 

2.3.2.4 Part 15 Regulation in the United States 
The Part 15 rules of the FCC (2005b) in the “Code of Federal Regulations, Title 47 
Telecommunication” describe the regulations under which a transmitter may be oper-
ated without requiring an individual license. It also contains the technical specifica-
tions and administrative requirements of Part 15 devices. ISM low-power devices like 
garage openers for instance are allowed to transmit at 1 Watt when using spread spec-
trum technologies. Three basic principles describe in general the rules of Part 15 regu-
lation: (i) “Listen before talk”, (ii) “when talking, make frequent pauses and listen 
again” and (iii) “don’t talk too loud”. When detecting a busy channel, either another 
unused channel is chosen or the radio waits until the channel is idle again. These sim-
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Figure 2.4: Spectrum for unlicensed operation in the US and recent initiatives 
of the FCC to free spectrum with a reference on the corresponding document. 
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ple etiquettes do neither require interoperability nor information exchange between 
spectrum sharing devices. IEEE 802.11 (IEEE, 2003) is designed for operation in 
frequency bands subject to Part 15 regulation and realizes spectrum access according 
to these three basic principles. An analysis of the QoS capabilities of 802.11 indicates 
that with the current Part 15 regulation a QoS support is impossible in the case of 
coexistence and additional coordination is required (Mangold, 2003). The accidental 
background noise emitted from consumer electronics, like personal computers operat-
ing with an internal clock at 2-3 GHz, are also restricted in the Part 15 regulation.  

2.3.2.5 Tragedy of Spectrum Regulation  
The success of unlicensed spectrum draws to a close, as the severe QoS constrains to 
spectrum access imposed by the upcoming multimedia applications cannot be fulfilled 
with today’s means for coexistence (Mangold, 2003).  

In case of short-distance wireless communication, spectrum demand is extremely lo-
calized and often sporadic. In such a scenario, the competition for shared spectrum is 
limited. Therefore, the regulatory instrument of restricting transmission, e.g., limiting 
the maximum emission power, is successful.  

In all other deployment scenarios, as for instance WLANs, unlicensed spectrum usage 
is a victim of its own success: Too many parties and different technologies are using 
the same unlicensed spectrum so that it is getting overused and thus less usable for all. 
In economics the phenomenon is referred to as the “tragedy of commons”. 
Hazlett (2005) additionally introduces the “tragedy of the anticommons”: Contrary to 
the over-use of spectrum due to missing regulation of spectrum access, the “tragedy of 
the anticommons” refers to inefficient spectrum utilization because of too restrictive 
regulation. The “tragedy of commons” and the associated inefficient over-use of spec-
trum results to an under-investment into technology and questions thus the “open ac-
cess” licensing. Therefore, to anticipate the “tragedy of commons”, regulators impose 
restrictions like transmission power. As consequence, many alternative systems are not 
allowed to operate in such a spectrum which leads again to inefficient under-utilization 
of spectrum. In (Hazlett, 2005) it is concluded, that limiting spectrum sharing through 
spectrum regulation is the only way out of this tragedy. The summary of this chapter 
in Section 2.9 discusses this statement and indicates better alternatives than the limita-
tion of spectrum sharing. 

2.3.3 Open Spectrum 
Open spectrum allows anyone to access any range of spectrum without any permission 
under consideration of a minimum set of rules from technical standards or etiquettes 
that are required for sharing spectrum (Weinberger et al., 2005). Open spectrum tar-
gets at the complete liberalization of radio communication in overcoming regulatory 
roadblocks. The core concept of open spectrum is that technologies and standards are 
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able to dynamically manage the spectrum access and sharing, replacing the static spec-
trum assignments resulting from bureaucratic licensing (Berger, 2003). 

New, upcoming radio transmission technologies suggest that radio spectrum can be 
treated as open accessible common property rather than a collection of stringed to-
gether access rights (Noam, 1998). Nevertheless, squeezing much more wireless 
communication out of a given bandwidth solves not the tragedy of commons (Hazlett, 
1998). But rules and etiquettes on the one hand and technologies allowing more than 
one user simultaneously using the same frequency on the other hand enable open spec-
trum. As a consequence, spectrum is similar to a public highway: Traffic rules facili-
tate a continuous traffic flow and help to avoid collisions. Further on may the overall 
throughput be increased through changing the means of transportation from single-
used cars to car-pooling or public transportation and congestion can be mitigated. 

Three primary technologies which have seen great development progress in the recent 
years can be identified to realize open spectrum: 

• Low-power, ultra-wide band underlay spectrum usage (see Sections 2.5.1 and 
2.6.3) 

• Cognitive, frequency agile radios based on SDR (see Section 2.1) 

• Cooperation-based, self-configuring meshed networks (see Section 2.2) 

As open spectrum considerably impacts the way spectrum is regulated, regulation 
authorities have to face the new challenges. The promising advantages of open spec-
trum impose a fundamental rethinking of regulating spectrum (Werbach, 2002): 

• Overcoming the scarcity of spectrum: A dynamic spectrum sharing through co-
operative techniques improving efficiency makes regulatory limitation of spec-
trum access obsolete.  

• The competition through innovation while sharing spectrum as a common re-
source is in many cases superior compared to auctioning licensed spectrum at 
the market. 

• Investment costs for exploiting spectrum are essentially reduced as no tremen-
dous fees for temporal licenses are required resulting into essentially lower ser-
vice costs.  

• Wireless broadband technologies are a solution for the last-mile bottleneck. The 
special challenges of the last-mile access can be solved in using long-range 
communications, wideband underlay or meshed architectures. 

• Wide-area 3rd Generation (3G) systems can be complemented by more efficient 
short-range and meshed communication technologies of unlicensed operation. 
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Noam (1997; 1998) approaches open spectrum under the term “open access”. There, 
“open access” allows many users from different radio-based applications to access 
spectrum without license by buying access tickets, referred to as “access tokens”, 
whose prices depend on competition. Transmitted data packets carry these electronic 
tokens piggy-backed and a decentralized payment is possible at toll gates like for in-
stance APs. Such a system would reduce infrastructure costs to a marginal value, re-
duces market access barriers and encourages competition. Contrary to current unli-
censed systems, which depend on etiquettes to manage competition, such a system 
guarantees access under congestion, as individual value of spectrum is reflected in 
prices (Noam, 1997).  

In literature, open spectrum has sometimes a less rigorous meaning in referring to the 
vertical sharing of licensed spectrum (Zhao et al., 2005) as introduced in Section 2.5.2. 

2.4 Spectrum Trading 
Currently, spectrum is a scarce and highly valuable resource. The auctions of 3G spec-
trum licenses in Germany and UK have shown that operators pay high for the rights to 
use this spectrum. However these high prices reflect the existing spirit to this time in 
wireless communication industry and at the stock markets. The economic development 
in wireless communication in the recent years indicates that such high prices will 
never be reached again, as the return of investment in 3G spectrum will take a much 
longer time than expected. This questions in general the auctioning of spectrum, espe-
cially when taking into account that the way the spectrum was offered artificially in-
creased the prices (Valletti, 2001). The prohibition of using other spectrum with 3G 
technologies on the one hand and the limited quantity of spectrum on the other hand 
while government-owned bidders participated at the auctions led to prices not reflect-
ing the de-facto market value of spectrum. Therefore it is out of question that new 
ways of handling spectrum are required. 

Spectrum can be subdivided into quantities in many domains (e.g., frequency, time, 
code). Trading of spectrum refers to the transfer of spectrum usage rights for a certain 
quantity of spectrum which is usually a specified frequency band. Comparable to trad-
ing with securities, spectrum trading is done at two markets. The initial issuing of 
spectrum through regulation bodies is done at the primary market, while the transfer of 
spectrum usage rights between different parties is done at the secondary market. Con-
trary to licensed spectrum, spectrum trading implies that the owner of spectrum usage 
rights may differ from the actual user of spectrum. Additionally, spectrum traders may 
deal with spectrum usage rights as a third party. The subdivision of spectrum into 
quantities enables a reselling by the license holder to different parties and increases the 
overall efficiency of spectrum utilization (Walke and Kumar, 2003). 
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The trading with spectrum increases efficiency of spectrum usage and is therefore 
attractive for radio spectrum regulation: The spectrum owner, as for instance a spec-
trum broker, has a financial interest to promote innovation and to improve spectrum 
efficiency in order to increase the own profit (Peha, 2000). Spectrum trading at the 
secondary market has impacts on regulation: The owner and the user of spectrum are 
different parties. In 2004, the FCC made therefore secondary markets for trading spec-
trum legal, allowing the licensee for the duration of its license to lease the rights for 
using spectrum (FCC, 2004c). Depending on the selected option for transferring usage 
rights, the regulator might intervene in the pricing mechanisms to care for the “public 
interest”. 

The trading of spectrum on the basis of flexible and transferable usage rights is rec-
ommended by Valletti (2001). The regulator intervenes in case of market failures un-
der the presumption that usually the market as able to solve problems on its own. The 
enforcement of antitrust laws and arbitrating in case of disputes are the task of the 
regulator. Additionally, Valletti (2001) suggests that the regulator issues licenses for 
low power equipment that has an open access to spectrum. Bidding credits are desig-
nated for social concerns and public safety services. 

Spectrum usage rights can be transferred in different ways analogous to other assets 
(economic goods): 

• Lease – The right to use spectrum is temporarily transferred while the owner-
ship remains by the license holder. In addition to regulation, the license holder 
can define its own rules for using its spectrum. This option includes for in-
stance the lease of spectrum through spectrum brokers that determine prices on 
the basis of auctions.  

• Sale – The ownership of usage rights is permanently transferred. 

• Options and futures – The right to access spectrum to a certain future point of 
time for a pre-defined duration is transferred for a pre-agreed price. Compara-
ble to the financial markets, the trading with options and features can lead to 
complex constructs. Financial contracts will emerge to provide security against 
movement of spectrum prices, i.e., financial payments for risks of spectrum re-
allocation.  

A recent study of Analysys Consulting (2004) recommends a common overall ap-
proach to spectrum trading and liberalization of spectrum usage. A detailed implemen-
tation of spectrum trading framework is there demanded. This refers to the creation of 
tradable rights and the establishment of an adequate forum for trading/transfer and 
managing spectrum rights. Additionally, an interference management as well as the 
possibility of defining temporal usage rights and reclaiming them is suggested. In 
allowing flexible trading mechanisms, the market can decide about the success of the 
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different approaches to transferring usage rights that are introduced above. At the same 
time liberalization of spectrum is required to abolish restrictions on technologies and 
services associated with spectrum usage rights. Analysys Consulting (2004) relates 
this also on existing spectrum licenses and suggests license reconfiguration as aggre-
gation or partitioning of existing usage rights. A partitioning of usage rights is for 
instance possible depending on time, frequency or geographical location. 

2.5 Spectrum Sharing and Flexible Spectrum Access 
For the rest of this thesis it is differed between primary (incumbent) and secondary 
users of spectrum, where as secondary users defer to primary users in utilizing spec-
trum. Regardless of the regulatory model, flexibility and efficiency need to be re-
flected in spectrum access. Spectrum sharing plays thereby an important role to in-
crease spectrum utilization, especially in the context of open spectrum. Techniques 
that sense and adjust to the radio environment are essentially required as for instance 
in unlicensed bands and to enable secondary access to spectrum.  

2.5.1 Underlay and Overlay Spectrum Sharing 
The open access to most of the radio spectrum, even if the spectrum is licensed for a 
dedicated technology, is permitted by radio regulation authorities only for radio sys-
tems with minimal transmission powers in a so-called underlay sharing approach as 
illustrated in Figure 2.5. The underlay sharing realizes a simultaneous uncoordinated 
usage of spectrum in the time and frequency domain. Thereby techniques to spread the 
emitted signal over a large band of spectrum are used so that the undesired signal 
power seen by the incumbent licensed radio devices is below a designated threshold. 
Spread spectrum, Multi-Band Orthogonal Frequency Division Multiplex (OFDM) or 
Ultra-Wide Band (UWB) as introduced below are examples for such techniques. The 
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Figure 2.5: Underlay and overlay spectrum sharing of a frequency agile, cognitive radio using 
spectrum on an opportunistic basis (Mangold et al., 2005b). 
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transmission power is strictly limited in underlay spectrum sharing to reduce the pos-
sibility for a potential interference.  

The Spectrum Policy Task Group of the FCC suggested in (FCC, 2003c) the Interfer-
ence Temperature Concept for underlay spectrum sharing to allow low power trans-
missions in licensed (used) bands. The FCC proposes there to allow secondary usage 
of shared spectrum if the interference caused by a device is below a sufficient thresh-
old. The FCC identifies for this a well defined space between the original noise floor 
and the licensed signal of the incumbent radios. This space is branded as “new oppor-
tunities for spectrum use” (FCC, 2002, 2003c) and it is illustrated in Figure 2.6. The 
space refers to the power level of the signals at the receiver in a specific band at a 
certain geographical location. 

Only a small fraction of the radio spectrum is available as open frequency band for 
unlicensed operation. Nevertheless, these bands have stimulated an immense economic 
success of wireless technologies like the popular WLAN IEEE 802.11. On the other 
hand, the actual availability of new spectrum is a seemingly intractable problem. Cog-
nitive radios use flexible spectrum access techniques for identifying under-utilized 
spectrum and to avoid harmful interference to other radios using the same spectrum. 
Such an opportunistic spectrum access to under-utilized spectrum, whether or not the 
frequency is assigned to licensed primary services, is referred as overlay spectrum 
sharing.  

Overlay sharing requires new protocols and algorithms for spectrum sharing. Addi-
tionally, spectrum regulation is impacted, especially in case of vertical spectrum shar-
ing as introduced below: The operation of licensed radios systems may not interfere 
when identifying spectrum opportunities and during secondary operation in licensed 
spectrum. DFS is a simple example for how unlicensed spectrum users (IEEE 802.11a) 
share spectrum with incumbent licensed users (radar stations) using overlay sharing. 
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Figure 2.6: Underlay spectrum sharing corresponding to the Interference Temperature Concept of 
the FCC (2003c).  
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2.5.1.1 Opportunistic Spectrum Usage 
Under-utilized spectrum is in the following referred to as spectrum opportunity. The 
terms “white spectrum” and “spectrum hole” can be used equivalently. To use spec-
trum opportunities with overlay sharing, cognitive radios adapt their transmission 
schemes such that they fit into the identified spectrum usage patterns, as illustrated in 
Figure 2.5. Thus spectrum opportunities have to be identified in a reliable way. Addi-
tionally, their usage requires coordination especially in distributed environments. A 
spectrum opportunity is defined by location, time, frequency and transmission power. 
It is a radio resource that is either not used by licensed radio devices, and/or it is used 
with predictable patterns such that idle intervals can be detected and reliably predicted. 
The accurate identification of spectrum opportunities is a challenge, as it depends on 
the predictability and the dynamic nature of spectrum usage. The frequency and pre-
dictability of spectrum usage by primary radio devices is decisive for the success of 
opportunity identification and the efficiency of its usage by cognitive radios. Therefore, 
a less frequent and predictable spectrum usage can be regarded as contribution to co-
operation as introduced in Section 2.5.3. 

In summary, deterministic patterns in spectrum usage and characteristic signal features 
of the radio signals transmitted by primary radio systems facilitate an improvement of 
spectrum opportunity identification. Different spectrum usage patterns and their classi-
fication as spectrum opportunity are shown in Figure 2.7. In this figure, time is pro-
gressing from bottom to top, frequency increases from right to left. Patterns of random 
spectrum usage of IEEE 802.11a/e are depicted (in three channels of the unlicensed 
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Figure 2.7: Spectrum usage example at 5 GHz. Three 802.11a/e channels and the fre-
quencies above are depicted. A cognitive radio identifies spectrum opportunities.  
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5 GHz band and the frequencies above), in parallel to a predictable, deterministic spec-
trum usage of licensed spectrum. 

2.5.1.2 IEEE 802.11k 
A new type of measurements improving spectrum opportunity identification is being 
developed in the standardization group of IEEE 802.11k (IEEE, 2005a) which pro-
vides means for measurement, reporting, estimation and identification of characteris-
tics of spectrum usage. Spectrum awareness for distributed resource sharing in 
IEEE 802.11e/k is described in (Mangold et al., 2004b) while radio resource meas-
urements for opportunistic spectrum usage on the basis of 802.11k are analyzed in 
(Mangold et al., 2004a). The improvement of confidence in radio resource measure-
ments as approach to judging reliability in spectrum opportunity identification is dis-
cussed in (Mangold and Berlemann, 2005).  

2.5.2 Vertical and Horizontal Spectrum Sharing 
The overlay spectrum sharing with licensed radio systems requires not only fundamen-
tal changes in spectrum regulation. Additionally, new algorithms for sharing spectrum 
are necessary, which reflect the different priorities for spectrum usage of the licensed, 
i.e., incumbent, and unlicensed radio systems. To reflect this priority, the terms pri-
mary and secondary radio systems are often used for the licensed and unlicensed radio 
systems, respectively.  

Cognitive Radios will have to share spectrum (i) either with unlicensed radio systems 
with limited coexistence capabilities enabling them to operate in spite of some inter-
ference from dissimilar radio systems or (ii) with licensed radio systems designed for 
exclusively using spectrum. The sharing of licensed spectrum with primary radio sys-
tems is referred to as vertical sharing, as indicated in Figure 2.8, and the sharing be-
tween equals as for instance in unlicensed bands is referred to as horizontal sharing. 
These terms of horizontal and vertical spectrum sharing are first mentioned in (Kruys, 
2003). Another example for horizontal spectrum sharing is the usage of the same spec-
trum by dissimilar cognitive radios that are not designed to communicate with each 
other directly. These dissimilar cognitive radio systems have the same regulatory 
status, i.e., similar rights to access the spectrum, comparable to the coexistence of 
devices operating in unlicensed spectrum. Vertical spectrum sharing promises to have 
the advantage that neither a lengthy and expensive licensing process nor a re-
allocation of spectrum is required. 

Vertical and horizontal sharing requires the capability to identify spectrum opportuni-
ties as introduced above. Cognitive radios are able to operate without harmful interfer-
ence in sporadically used licensed spectrum requiring no modifications in the primary 
radio system. Nevertheless, in order to protect their transmissions, licensed radio sys-
tems may assist cognitive radios to identify spectrum opportunities in vertical sharing 
scenarios. This help is referred to as “operator assistance” in the following.  
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In horizontal sharing, the cognitive radios autonomously identify opportunities and 
coordinate their usage with other cognitive radios in a distributed way. To avoid cha-
otic and unpredictable spectrum usage as in today’s unlicensed bands, advanced ap-
proaches such as “spectrum etiquette” are helpful and will be discussed in Section 10.1. 

Example: Unlicensed Usage of TV Bands 
The technology for terrestrial TV broadcasts is currently digitized. This process will be 
finalized in the near future (for instance in the US until 2009; in Germany latest 
by 2010). This digitalization improves the utilization of spectrum, resulting in a reduc-
tion of the required spectrum when the number and quality of the TV channels remain 
unchanged. The usage of the corresponding frequency band is reorganized at the same 
time in many regulatory domains worldwide. As every broadcast site has to serve a 
large coverage area, radio transmission is done at high power to guarantee reliable 
reception throughout the complete coverage area. This implies for many receivers a 
robustness to interference in case of proximity to the broadcast site, as the signal is 
received at a higher power than required. Thus reliable operation is possible even if 
cognitive radios emit some level of interference. Additionally, TV broadcast sites 
infrequently change their location and the frequencies they are using, which simplifies 
identification of spectrum opportunities.  

It is therefore envisioned to allow such unlicensed re-use of the entire TV broadcast 
band for cognitive radios that scan all TV channels throughout the band and operate 
only upon identification of spectrum opportunities (FCC, 2004b). The working group 
802.22 of the IEEE took up this idea and is working towards the standardization of the 
unlicensed secondary access to TV bands as outlined in Section 2.8.2. Figure 2.9 illus-
trates this scenario: Two adjacent TV transmitters and two independent pairs of com-
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Figure 2.8: Cognitive radios share spectrum with different radio systems. De-
pending on regulatory status, vertical or horizontal spectrum sharing is done. 
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municating cognitive radios are shown. The cognitive radios identify locally under-
utilized spectrum, here unused TV channels, as spectrum opportunities. After some 
knowledge dissemination and negotiation, the pairs of cognitive radios communicate 
using these opportunities, while frequently scanning the spectrum for signals from 
primary radio systems. An approach to the realization of the secondary usage of TV-
bands with the help of a reservation based approach to distributed spectrum sharing is 
discussed and evaluated in Section 6.8.  

A licensee may sell temporarily under-utilized spectrum for secondary usage to in-
crease its revenue. Mechanisms therefore are introduced in Section 2.4 in the context 
of spectrum trading. Vertical spectrum sharing can be realized in different ways: A 
beacon signal or busy tone at a foreseen frequency for signaling permission and/or 
prohibition of secondary operation in licensed spectrum is one approach to vertical 
spectrum sharing. More complex approaches to vertical sharing like a common control 
channel or a policy-based secondary usage of spectrum on the basis of spectrum ob-
servation are introduced in Section 2.8. The FCC’s proposal (2004b) identifies three 
possible techniques how to determine if spectrum is available for secondary usage at a 
given location: 

• A listen-before-talk-based passive sensing to detect the presence of TV signals 

• Introducing a location-based database of used frequencies to check with the 
help of localization systems whether secondary spectrum usage is allowed 

• Using dedicated beacon transmitters that indicate which spectrum is unavail-
able in a local area  

 
Figure 2.9: Cognitive radios operating in frequency bands of TV and radio broadcasts. At different 
locations the cognitive radios identify different frequencies as unused and regard them as spectrum 
opportunities. This example of vertical spectrum sharing is the basis for IEEE 802.22. 



2.5 Spectrum Sharing and Flexible Spectrum Access 31

Some concerns against the FCC’s proposal are introduced in (Marcus, 2005). Besides 
others, one concern is that the confusion resulting from the current discussion might 
discourage the purchase of new digital TVs and might slow down the transition proc-
ess from analog to digital. The doubts of the US broadcast industry at the interference 
free operation of unlicensed devices operating in vacant TV bands are tried to be re-
solved in (Marcus et al., 2005): It is explained, why the techniques proposed by the 
FCC from above are sufficient to ensure TV reception without harmful interference in 
vertical spectrum sharing. 

2.5.3 Coexistence, Coordination and Cooperation 
In literature about spectrum sharing, the terms coexistence, coordination and coopera-
tion are often used in different ways. A definition of these terms is given therefore in 
the following, as these terms are especially important in the context of QoS support. 

Means for coexistence target at interference avoidance in a distributed communication 
environment. Consequently, no communication among coexisting devices is required 
and possible. In case of a less utilized shared spectrum, coexistence capabilities suffice 
to enable a reliable communication. In the recent years, coexistence has been very 
successful but is now victim of its own success: Two many often dissimilar radio sys-
tems are coexisting in the unlicensed frequency bands like Wi-Fi and Bluetooth. Under 
such a severe competition for accessing the shared spectrum, no QoS support is possi-
ble due to missing coordination. Today’s implemented approaches to coexistence have 
limited interference prevention and their spectrum utilization is very ineffective as 
coexistence implies only little incentive to conserve spectrum. 

Mutual coordination, either centralized or decentralized, is required in spectrum shar-
ing to enable the support of QoS. QoS support refers in this context to the exclusive 
usage of spectrum at a predictable point of time for a certain duration.  

Under cooperation, altruistic devices delimitate their spectrum usage and carry each 
others traffic in the hope for benefiting from a potential cooperation when all radios 
participate. Cooperation comes along with the danger of being exploited by selfish, 
myopic radios resulting into a disadvantage for the cooperating radios. Cooperation is 
required in building up one self-configuring network of mutually coordinated radios in 
a distributed communication environment. The usage of deterministic patterns when 
allocating spectrum can also be regarded as cooperation. These deterministic patterns 
help to increase accuracy for other radios for identification of spectrum opportunities 
and enable a distributed coordination on the basis of observation. This understanding 
of cooperation is one result of this thesis from the analysis of distributed spectrum 
sharing performed in the Chapters 6 to 9. In distributed environments, cooperation can 
be created and enforced through protocols, either as part of a standard or realized as 
spectrum sharing etiquette. The enforcement of cooperation is difficult for regulation 
authorities but may be easier for a license holder. 
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2.6 Coexistence-based Spectrum Sharing 
The amount of flexibility in the design of access protocols which is imposed by regu-
lating authorities is decisive for the ability of radios to coexist, share spectrum or even 
interoperate for mutual coordination. Peha (2000) defines therefore “Rules of Coexis-
tence” considering the grade of flexibility from the least to the most restrictive one: 

• Spectrum usage is not constrained. This approach has the advantage of stimu-
lating innovations but the big disadvantage of being only applicable in scenar-
ios where less spectrum utilization can be expected. No QoS guarantee can be 
given and efficient spectrum usage is not encouraged. 

• Spectrum usage is constrained by the transmission power. A maximum power 
level for radio emissions is defined. Finding the adequate level may be difficult 
and depends on the application scenarios of the envisaged radios operating in 
the considered frequency band. Limiting transmission power increases the po-
tential re-use of spectrum but more radios are required for covering a certain 
area. 

• Constrains on access protocols are imposed, that require no communication 
among coexisting devices. DFS in the U-NII band, as introduced below, is an 
example for this. Suitably defined etiquettes for spectrum usage can facilitate 
the support of QoS, increase spectrum efficiency and add fairness to spectrum 
sharing. These etiquettes enable distributed coordination and require coopera-
tion as introduced above. The design of such etiquettes is a complex challenge 
especially in the context of spectrum sharing as introduced in Chapter 10. 

• A minimal standard is required for operation. A common signaling channel 
used by all radios operating in a shared frequency band is an example for this. 
The common signaling channel enables mutual coordination and thus increases 
the level of supportable QoS.  

• The interoperation of dissimilar radio networks is part of their standard. The 
Base Station Hybrid Coordinator (BSHC) concept for integrating 
IEEE 802.11(e) in the frame structure of IEEE 802.16 (WiMAX) as outlined in 
Chapter 5 is an example for this.  

In the following section several approaches to coexistence are introduced that do nei-
ther require nor support communication among spectrum sharing devices. 

2.6.1 Dynamic Frequency Selection 
The FCC demands in (FCC, 2003a) that devices operating in the U-NII band use Dy-
namic Frequency Selection (DFS) to protect radar systems from interference. DFS lets 
the transmitter dynamically switch to another channel whenever a certain condition is 
met. This condition is for instance a threshold level like -62 dBm for devices with a 
maximum EIRP less than 200 mW. When a radio signal is detected, the channel must 
not be utilized for a certain period of time. Further, a DFS using device senses the 
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available spectrum for unused channels before initiating transmission and accesses 
only these channels. The FCC prescribes that the DFS aims at a uniform spreading of 
load over the available channels. Additionally, a continuous monitoring of spectrum 
during operation is demanded. The possibilities and limitations of DFS for cognitive 
radios and policies are discussed in (Horne, 2003). For fundamental details on DFS 
and radio networks using DFS see (Walke, 2002). 

2.6.2 Transmit Power Control 
Transmit Power Control (TPC) is a mechanism that adapts the transmission power of a 
radio to certain conditions, e.g., a command signal from a communication target when 
the received signal strength falls below a predefined threshold. In the U-NII band for 
instance a radio reduces it’s transmission power by 6 dB when TPC is triggered ac-
cording to (FCC, 2003a). Only low-power radios operating at power levels higher than 
500 mW require TPC in the U-NII band. 

2.6.3 Ultra-Wide Band 
Ultra-Wide Band (UWB) enables underlay spectrum sharing. UWB is a pulse posi-
tioning transmission technique with a very short pulse time duration using a very large 
frequency band in spectrum. Contrary to many other Radio Frequency (RF) communi-
cation techniques, UWB does not use RF carriers. Instead UWB uses modulated high 
frequency pulses of low power with a duration less than one nanosecond. From the 
perspective of other communication systems the UWB transmissions are part of the 
low power background noise. Therefore, UWB promises to enable the usage of li-
censed spectrum without harmful interference to primary communication systems. 
UWB is a prominent example for the Interference Temperature Concept of the FCC as 
introduced above. 

The UWB coexistence and UWB based cognitive radios are discussed in (Lansford, 
2004). General methods of UWB are explored to use time, frequency, power, space 
and coding for eliminating interference to other devices or to achieve graceful deter-
ministic degradation.  

The application of UWB is limited to short range communication, due to the low trans-
mission power permitted. The interference of UWB radios to incumbent radio systems 
is currently under research. Based on the current FCC mask for UWB emission, major 
problems in indoor scenarios due to co-channel interference between UWB and Be-
yond 3rd Generation (B3G) devices are highlighted in (Pfletschinger et al., 2005).  

2.6.4 IEEE 802.16.2 
Coexistence in Fixed Broadband Wireless Access (FBWA) Systems of IEEE 802.16 
operating in licensed bands is standardized in the Working Group IEEE 802.16.2. It 
(IEEE, 2004c) provides recommendations for the design and coordination of FBWA 
systems in order to avoid interference and to facilitate their coexistence. 802.16.2 
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suggests threshold parameters, like the distance between two interfering base stations, 
to assess the necessity for inter-operator coordination. These parameters are used to 
define guidelines for geographical spacing and frequency re-use. A concept of using 
Power Spectral Flux Density (PSFD) values is introduced in order to trigger different 
levels of initiatives taken by an operator to give notifications to other operators. 
Maximum values are defined for the PSFD that can be tolerated as a result from co-
channel interference originating from adjacent operators. Frequency guard bands, 
recognition of cross-polarization differences, antenna angular discrimination, spatial 
location differences, the use of adaptive antennas and frequency assignment substitu-
tion are suggested to reduce the probability of interference. 

2.6.5 IEEE 802.16h 
The IEEE 802.16h License-Exempt Task Group is developing improved mechanisms 
for enabling coexistence among license-exempt systems based on IEEE 802.16. The 
standardization efforts target for instance at medium access control enhancements and 
policies. Additionally, 802.16h also focuses on the coexistence of such systems with 
primary radio systems when hierarchically sharing spectrum. 

A distributed architecture for radio resource management is suggested (IEEE, 2005b) 
that enables communication and exchange of parameters between different networks 
formed by one 802.16 Base Station (BS) and its associated Subscriber Stations (SSs). 
Each BS has a Distributed Radio Resource Management (DRRM) entity to execute the 
spectrum sharing policies of 802.16h and to build up a data base for sharing informa-
tion related to actual and intended future usage of radio spectrum. 802.16h proposes a 
coexistence protocol to realize all functions required for coexistence as for example 
detecting the neighborhood topology, to register to the data base or the negotiation for 
sharing radio spectrum. The DRRM uses the coexistence protocol to communicate 
with other BSs or license-exempt data bases when interacting with MAC or PHY.  

2.6.6 IEEE 802.19 
The IEEE 802.19 working group calls itself Coexistence Technical Advisory Group. 
802.19 is aiming at the development and maintenance of policies defining the respon-
sibilities of IEEE standardization efforts to consider coexistence with existing stan-
dards and other standards under development. If demanded, 802.19 evaluates the con-
formance of the developed standard to the coexistence policies and offers a documen-
tation of the coexistence capabilities to the public. 

2.7 Coordination-based Horizontal Spectrum Sharing 
2.7.1 Common Spectrum Coordination Channel 
A widely accepted approach to spectrum sharing is the usage of a Common Spectrum 
Coordination Channel (CSCC). The basic idea of CSCC is to standardize a simple 
common protocol for periodically signaling radio and service parameters 
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(Raychaudhuri and Jing, 2003) regarded as spectrum etiquette mechanism. The CSCC 
enables coordination through mutual observability between different neighboring radio 
devices via a simple common protocol. As shown in (Raychaudhuri and Jing, 2003) at 
the example of contending 802.11b and Bluetooth devices, the CSCC approach im-
pacts the complete protocol stack (e.g., physical layer, MAC layer, packet formats).  

In general, a common control channel as part of the shared spectrum is highly vulner-
able to interference so that the complete network might be disrupted though deliber-
ated jamming or through coexisting radios operating in the same spectrum. Therefore, 
in Section 6.8 it is suggested to locate a coordination channel in the licensed spectrum. 

A permanently available signaling channel shared by several networks is also sug-
gested in (Hunold et al., 2000). A Network Access and Connectivity Chan-
nel (NACCH) is introduced to enable communication between different networks. In 
this way they form a larger network where users have universal access and roaming 
support. This approach extends the exchange of control information between networks 
for coordinating spectrum usage with the aspect of transferring user data among net-
works over a common radio channel. 

2.7.2 Dynamic Spectrum Allocation 
In Dynamic Spectrum Allocation (DSA), spectrum allocations are changed over time 
depending on network loads in assigning continuous spectrum quantities to different 
Radio Access Networks (RANs) (Leaves et al., 2004). DSA aims at the exploitation of 
spatial and temporal variations of traffic loads in RANs. In the frequency domain for 
instance, a flexible guard band that separates two adjacent frequency bands used by 
different RANs can be adapted to shift bandwidth between these RANs. In DSA, an 
exclusive usage of spectrum by one operator using one RAN is assumed. 

2.7.2.1 Brokerage-based Spectrum Sharing 
Spectrum can be regarded as economic good which is traded by a broker as introduced 
above. Auctions are an efficient way to determine the value of spectrum among many 
parties. An auction can be regarded as a partial information game in which the real 
valuation that a bidder gives to spectrum is hidden to the broker and the other bidders. 
Auction theory is a very well developed field of research in economics as well as in 
wireless communication. A technology independent introduction and theoretical re-
sults on spectrum auctioning are given for example in (Courcoubetis and Webber, 
2003). 

The different treatment of spectrum in the context of a brokerage-based spectrum 
sharing leads to dissimilar approaches. The auctioning mechanisms introduced in 
(Maheswaran and Basar, 2003) consider spectrum as public resource. Price and de-
mand functions characterize there the optimal response functions of the bidders lead-
ing to a unique Nash equilibrium for an arbitrary number of agents with heterogeneous 
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quasilinear utilities. Contrary to (Grandblaise et al., 2005) where another business 
model is applied. There, spectrum sharing between different operators providing their 
spectrum to a common spectrum pool is discussed. An operator temporarily leases 
spectrum from a broker who controls a pool of spectrum and performs the auctions. 
An analytical investigation of the problem and an approach to solve it is described in 
(Rodriguez et al., 2005): An operator of a CDMA cell populated by delay-tolerant 
terminals operating at various data rates, tries to optimize its revenue depending on its 
own pricing policies. Brokerage-based spectrum sharing implies a substantial periodi-
cal signaling that scales with the number of participating parties. The automatically 
bidding through agents located in the MAC layer is also discussed in (Kloeck et al., 
2005) for an Orthogonal Frequency Division Multiple Access (OFDMA) / Time Divi-
sion Duplex (TDD) system like IEEE 802.16. Piggybacked multi-unit, sealed-bid auc-
tions are suggested to take heavy time and signaling constraints into account.  

It can be questioned in general, if a QoS guarantee can be given when using spectrum 
based on auctions. Therefore, a customer-interested operator might not be willing to 
provide its spectrum to the pool even if in a short term the selling of its capacity leads 
to higher revenues.  

2.7.2.2 Inter Operator Spectrum Sharing  
Another approach to DSA is introduced in (Pereirasamy et al., 2005) as Dynamic Inter 
Operator Spectrum Sharing. There, based on spectrum shared in UTRA Frequency 
Division Duplex (FDD), each operator deploys its own independent radio access net-
work. This work is initiated in (Pereirasamy et al., 2004) where a shared UMTS FDD 
RAN is assumed. From the regulatory perspective, Inter Operator Spectrum Sharing is 
limited to one Radio Access Technology (RAT) and a frequency band licensed for 
being used by this single RAT is dynamically shared between several operators. The 
consideration of a synchronous inter-operator system requires heavy cooperation 
which is very unlikely for competing operators. Further it has been shown in 
(Pereirasamy et al., 2005) that only partial spectrum sharing leads to favorable capac-
ity gains. These gains depend heavily on network parameters like cell radii or trans-
mission powers. 

2.7.3 IEEE 802.11y 
IEEE 802.11y is the youngest Study Group of 802.11. It is working towards a standard 
for contention-based protocols operating in a 50 MHz frequency band at 3.650-3.700 
GHz. The frequency band was opened to unlicensed services in (FCC, 2004a). A con-
tention-based listen before talk protocol is there demanded to operate in this frequency 
band. Therefore, the FCC defines in (FCC, 2005c) a contention-based protocol as: 

“A protocol that allows multiple users to share the same spectrum by 
defining the events that must occur when two or more transmitters at-
tempt to simultaneously access the same channel and establishing rules 
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by which a transmitter provides reasonable opportunities for other 
transmitters to operate. Such a protocol may consist of procedures for 
initiating new transmissions, procedures for determining the state of the 
channel (available or unavailable), and procedures for managing re-
transmissions in the event of a busy channel.” 

Some of these characteristics are satisfied by currently available IEEE 802.11a sys-
tems operating in the U-NII band at 5 GHz: They are frequency agile, have the ability 
to sense signals from neighboring transmitters, offer adaptive modulation and use TPC. 
802.11y aims at the definition of an extension to 802.11 OFDM, such that fixed and 
wireless devices can operate in the 3650-3700 MHz band. 

2.7.4 Spectrum Sharing Games 
In research, the application of solution concepts derived from game theory for the 
analysis and realization of spectrum sharing has many facets. The corresponding game 
models and their characteristics differ essentially, depending on the particular applica-
tion scenario. The horizontal spectrum sharing of equally righted cognitive radios is 
suitable for modeling as a game of interacting players. Contrary to the vertical spec-
trum sharing: Primary radio systems neither have nor need interaction capabilities and 
are not allowed to be interfered. 

Potential game models in which networks of cognitive radios may alter transmitted 
energy and signature waveform are analyzed in (Neel et al., 2002a; Neel et al., 2002b). 
Specific conditions are delineated for which the models apply. These models are used 
to identify steady state conditions of these networks in the presence of cognitive radios 
making myopic decisions as initial step in network planning. Different convergence 
dynamics in cognitive radio networks are examined in (Neel et al., 2004). Several 
different distributed power control algorithms are examined in game models of differ-
ent complexity levels. The convergence process and the steady-state behavior of cog-
nitive radio networks are analyzed in modifying the objective functions to prevent the 
application of adaptation algorithms that result into suboptimal game outcomes.  

The selfish behavior of nodes in Carrier Sensing Multiple Access with Collision 
Avoidance (CSMA/CA) networks is investigated in (Cagalj et al., 2005). In 
CSMA/CA the protocols rely on random deferment of packet transmission. By apply-
ing a model of dynamic games, the conditions for a stable and optimal operation in the 
presence of selfish, smart cheating nodes are analyzed. It is shown that multiple smart 
cheaters collectively can find an optimal point of network operation. Therefore, selec-
tive jamming is introduced in order to punish cheaters. 

A low-level game model to interpret the IEEE 802.11 distributed coordination func-
tion mechanism as game is proposed in (Yongkang et al., 2005). A throughput opti-
mizing strategy is presented to modify the backoff entities in an 802.11 ad-hoc net-
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work in order to improve TCP performance. The authors characterize the resulting 
game outcomes as fair. 

The channel assignment in an 802.11 network is modeled as a game in (Halldorsson et 
al., 2004), in which the players are service providers or APs. Stable points of operation 
are identified with the solutions to a maximal coloring problem in an appropriate graph. 
A “price of anarchy” is introduced as value for the confession to the distributed chan-
nel assignment in comparison to a centralized one. In case of easily realizable bargain-
ing procedures, this “price of anarchy” is bounded to a constant. 

A game theoretic formulation of the adaptive channel allocation problem for cognitive 
radios resulting into rules for spectrum etiquette is discussed in (Nie and Comaniciu, 
2005). Cognitive radios measure the local interference temperature on different fre-
quencies and may adapt their transmission rate to channel quality (in using adaptive 
channel coding) or switch to a different frequency channel. It is shown that the corre-
sponding game formulation converges to a deterministic channel allocation scheme. 
Additionally, adaptive protocols and a learning algorithm are designed and their con-
vergence behavior and tradeoffs are discussed.  

In Chapter 7 of this thesis, the competition between independent radio systems for 
allocating a common shared radio channel is modeled as a stage-based game: Players, 
representing radio systems, interact repeatedly in radio resource sharing games, with-
out direct coordination or information exchange. Solution concepts derived from game 
theory allow the analysis of such models under the microeconomic aspects of welfare. 
Decisions that the players repeatedly have to make are about when and how often to 
attempt a medium access. In multi-stage games, players apply strategies in order to 
maximize their observed utility as sum total value for successful supported QoS. 
Strategies determine whether competing radio networks cooperate or ignore the pres-
ence of other radio networks. The requirements of the players determine which strate-
gies guarantee QoS. 

2.8 Coordination-based Vertical Spectrum Sharing 
All approaches to horizontal spectrum sharing can be used for vertical spectrum shar-
ing when being combined with an accurate identification of spectrum opportunities. 
When multiple radios regard simultaneously the same spectrum as unused by the in-
cumbent radio system, the access of the secondary radios needs to be coordinated 
(centralized or distributed) to enable a support of QoS on the one hand and to increase 
efficiency of spectrum usage on the other hand. 

2.8.1 Common Control Channel 
In the context of vertical spectrum sharing, Cabric et al. (2005) introduce opportunistic 
spectrum usage in creating a “virtual unlicensed band”, there also referred to spectrum 
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pool, with the help of a common control channel. A hierarchical control channel struc-
turing is suggested in differing between a universal control channel, used by all groups 
for coordination and separated group control channels are used by members of a group. 
Preceding, the need for sophisticated techniques for spectrum sensing and the estab-
lishment of spectrum sensing as cross-layer functionality is motivated in (Cabric et al., 
2004). For shadowing and multipath environments, cooperative decision making is 
suggested in order to reduce the probability of interference to primary users. 

A dedicated control channel located in licensed spectrum is suggested by the DARPA 
XG Program (DARPA, 2003, 2004b) to enable coordination in shared spectrum. This 
simple approach has several disadvantages, as a fixed licensed channel is required. 
The licensing of such a channel is a long-winded and expensive process. The licensed 
channel has a fixed bandwidth and is therefore limited in scalability. Nevertheless, this 
approach promises a high visibility and reliability. Therefore this suggestion is seized 
in this thesis and applied in Section 6.8. 

2.8.2 IEEE 802.22 
The IEEE 802.22 working group is targeting the standardization of a cognitive radio-
interface for fixed, point-to-multipoint, Wireless Regional Area Networks (WRANs) of 
40 km or more operating on unused channels in the VHF/UHF TV bands between 54 
and 862 MHz (IEEE, 2005c). A wireless broadband replacement of DSL and cable 
modem services in less populated areas with unused VHF/UHF TV bands is envisaged. 
In not causing harmful interference to the incumbent TV broadcasting system, 802.22 
realizes vertical spectrum sharing as introduced above and illustrated in Figure 2.9. 
Especially areas where wired networks are too expensive to deploy due to sparse 
population are in the focus of IEEE 802.22. 

Recent publications indicate that the 802.22 working group is concentrating on the 
slight modification of existing wireless communication protocols without taking up the 
fundamental ideas of cognitive radios. The 802.22 architecture, its requirements and 
applications are for instance discussed in (Cordeiro et al., 2005), where IEEE 802.16 is 
assumed as basis for an 802.22 MAC. The performance of ultra sensitive feature TV 
detectors for measurements of analog and digital TV signals is investigated in (Leu et 
al., 2005). The ability to detect TV signals below the thermal noise level, as one criti-
cal requirement for secondary usage of the television band, is evaluated. The collabo-
rative spectrum sensing for detecting TV transmissions by a group of unlicensed de-
vices is considered in (Visotsky et al., 2005). It is shown that collaboration among 
spectrum sharing devices leads to an efficient spectrum utilization and the individual 
computational complexity of the detection algorithms of each node can be decreased. 

2.8.3 Spectrum Pooling 
In (Weiss and Jondral, 2004) an OFDM-based approach to secondary usage in overlay 
spectrum sharing is developed referred to as Spectrum Pooling. In an 802.11 like sce-
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nario the spectrum measurements of mobile terminals are gathered centrally by an 
access point. Unused spectrum of different owners is merged into a common pool 
optimized for a given application. A so-called “licensed system public rental” hosts 
this common spectrum pool and users can temporarily rent spectrum during idle peri-
ods of the licensed users. Although (Weiss and Jondral, 2004) introduce a speed-up 
protocol to bypass the MAC layer and just use the physical layer for signaling, an 
essential weakness of spectrum pooling is only mitigated: The central gathering of 
measurement information takes considerable time and management effort. 

2.8.4 Value-Orientation 
Spectrum sharing among different radio systems can be understood as a scenario in 
which a society of independent decision-makers is formed (Mangold et al., 2005a; 
Mangold et al., 2006). Therefore, basic concepts to classify social action that are taken 
from social science can be applied to define system strategy rules. The rules represent 
algorithms for decision-making entities (referred to as actors) that reside in the radio 
systems. For a simple scenario of spectrum sharing, the need for regulation as opposed 
to voluntary rules is investigated. A spectrum sharing scenario of a contention-based 
medium access is analyzed under the assumption that the radio systems do not com-
municate with each other, but operate using the same radio resources. Voluntary stan-
dards and social concepts to mitigate the two main problems of open spectrum access 
are addressed: Incumbent protection and fair coexistence. 

2.8.5 Spectrum Load Smoothing 
The application of waterfilling in the time domain enables a decentralized and coordi-
nated opportunistic usage of spectrum. This is referred to as Spectrum Load Smooth-
ing (SLS). The SLS is intensively analyzed in Chapter 6 of this thesis. In applying SLS, 
competing radio systems simultaneously aim at an equal overall utilization of the spec-
trum. In observing the past usage of the radio resource, the radio systems interact and 
redistribute their allocations of the spectrum under consideration of their individual 
QoS requirements. Due to the principle of SLS, these allocations are redistributed to 
less utilized or unallocated spectrum taking the QoS requirements of the coexisting 
networks into account. Further, SLS allows an optimized usage of the available spec-
trum: An operation in radio spectrum originally licensed to other communication sys-
tems is facilitated: The SLS implicitly achieves usage of unused spectrum by secon-
dary radios and releases it again when needed by primary radios. 

2.9 Summary and Conclusion 
The different approaches to regulation of spectrum usage introduced in this chapter are 
summarized in Table 2.1 and Table 2.2 taking the aspect of QoS into account. 

In the following Jon M. Peha’s appropriate “Taxonomy for Spectrum Sharing” (Peha, 
2005) is refined and extended with the aspect of vertical and horizontal spectrum shar-
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ing. His understanding of a cooperative meshed network matches thereby to the cogni-
tive radio network vision as introduced above. The tables differentiate regulation op-
tions into primary and secondary spectrum usage. A QoS guarantee always requires 
some degree of exclusiveness. If a guarantee is not required, primary systems may 
share spectrum horizontally. Coexistence is less adequate to support QoS while coop-
eration increases the level of potential QoS. Regulation authorities can delegate the 
control of spectrum access to one or multiple private entities to enable spectrum trad-
ing at secondary markets. A so-called spectrum manager inherits the role of the regula-
tor in this context. Secondary usage might be allowed for underlay or overlay spec-
trum sharing, provided that secondary radio systems defer from spectrum utilization 
whenever the license holding primary radios access their spectrum. Secondary radios 
can try to coexist with primary radios without interfering them in sharing spectrum 
vertically. Cooperation between secondary and primary radios enables the secondary 
radios to support QoS with deterministic interruptions. Secondary radio systems are 
only able to guarantee QoS if the primary radio systems commit themselves not to 
interfere. This commitment of the licensee requires trading of spectrum. 

In the short term, commercial broadband and cellular networks will require exclusive 
access to spectrum in order to guarantee QoS to the customers. Restricted secondary 
spectrum usage and spectrum trading are grades of flexibility to increase the overall 
efficiency of spectrum utilization. The licensing process itself needs to be accelerated 

Table 2.1: Regulation options for primary spectrum usage as refinement of (Peha, 2005).  

Regulator controls access  Licensee controls access  Application requirements 

Traditional licensing Spectrum manager makes 
guarantees 

Guaranteed QoS 

Unlicensed band, regulator 
sets etiquette 

Spectrum manager sets 
etiquette, no QoS guarantee 

No QoS support, coexistence, 
horizontal spectrum sharing 

Cognitive radio network, 
regulator sets protocol 

Cognitive radio network, 
licensee sets protocol 

QoS support, cooperation, hori-
zontal spectrum sharing 

Table 2.2: Regulation options for secondary spectrum usage as refinement of (Peha, 2005). 

Regulator controls access  Primary licensee controls 
access (secondary market) 

Application requirements 

Not possible Licensee guarantees QoS Guaranteed QoS 

Unlicensed underlay with 
opportunistic access 

Secondary market with 
overlay opportunistic access 

No QoS support, coexistence, 
vertical spectrum sharing 

Interruptible secondary 
operation, regulator sets 
cooperation protocol  

Interruptible secondary 
operation, regulator sets 
cooperation protocol 

Interruptible QoS support, coop-
eration, vertical spectrum sharing 
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and requires more flexibility to reflect the rapid developments in the market of wire-
less communication. 

In the long term, spectrum used by future wireless broadband systems covering wide 
areas will most likely be a combination of exclusively accessed spectrum and shared 
(unlicensed and/or open) spectrum. The exclusively used spectrum enables an issuing 
of QoS guarantees. The shared spectrum allows an extension of network capacity to 
provide more services and to increase the number of served customers. Intelligent 
spectrum sharing algorithms for coordination, as introduced in Sections 2.7 and 2.8, 
improve the efficiency of spectrum usage and extend the radio networks’ capabilities 
to support QoS in using the shared spectrum. The sharing of a common network infra-
structure, as for instance introduced in (Beckman and Smith, 2005), will further facili-
tate the coordination that is required for QoS support in spectrum sharing. 

For indoor, short-range communication at high data-rates, like wireless USB, the ad-
vantages of liberalizing spectrum access outweigh its dangers. The cognitive radio 
approach for flexible spectrum access is ideal for realizing such communication sys-
tems: It lies between the two extremes of open and unlicensed spectrum on the one 
hand, and the “command-and-control” licensing on the other hand. Cognitive radios 
can be modified to any level of freedom between these two extremes. Due to locally 
limited operation of this application scenario, no tragedy of commons exists and free-
ing access to spectrum will stimulate innovations and economic success. In distributed 
environments, policy adaptive cognitive radios provide the necessarily required flexi-
bility and intelligence in spectrum access: Local usage constraints are taken into ac-
count while etiquettes enable distributed coordination through cooperation. 

The self-organization of cognitive radios to a cognitive radio network will further 
enhance coverage, capacity, and QoS in wireless communication. Therefore, a flexible 
regulatory framework is required enabling less-restricted spectrum usage. Operator 
assistance plays thereby an important role, especially in the field of secondary usage of 
spectrum and vertical spectrum sharing. Operators may wish to assist in identification 
of spectrum opportunities and to protect incumbent radio systems. Thus operators 
might help the cognitive radio network to find an optimal configuration. Cognitive 
radio networks will not compete but complement the existing cellular networks operat-
ing in licensed frequency bands. The development from time-based pricing to service-
based revenue models will be further intensified through a further fall in prices for 
wireless communication. 

With cognitive radio, spectrum assignment and licensing will become more dynamic. 
Greater flexibility in responding to emerging demands of the information society, as 
well as to market requirements, will be the result. 
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Wireless networks of next generation will satisfy the user’s demand for a ubiquitous 
mobile broadband access. The plentitude of envisaged application scenarios and the 
complexity of communication technology seem to prohibit a “universal radio-
interface”. Instead, many different solutions each customized to a specific communica-
tion environment are expected. Current research efforts are targeting therefore at the 
efficient realization of a flexible radio-interface and network architecture. Ideally, 
these solutions are modes of specific radio access technologies with a common func-
tional as well as architectural basis. This chapter presents the realization of relay-based 
wireless broadband networks benefiting from the convergence of multiple modes. A 
flexible radio-interface considers multi-mode capability in the user and control plane 
of communication protocols together with the related management. The modes are 
used in a complementary way, in exploiting the commonalities between them to 
achieve maximum benefit. The coexistence and cooperation between multiple modes 
enables the efficient realization of devices supporting multiple modes with the possi-
bility to use available spectrum in a flexible way. 

The integrated projects Wireless World INitiative NEw Radio (WINNER) and End-to-
End Reconfigurability (E2R) of the 6th Framework research funding Program (FP6) 
of the European Union, belonging to the Wireless World Research Initiative (WWI), 
concentrate each on complementing aspects of the vision introduced above: Relay-
based wireless mobile broadband systems (Esseling et al., 2004; Esseling, 2005; Pabst 
et al., 2004; Pabst et al., 2005) as promising candidates for next generation networks 
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are developed in WINNER. The envisaged adaptability to different WINNER systems 
touches the aspect of reconfigurability, as outlined in different scenarios in Section 3.1 
and will be realized through different modes. Reconfiguration management/functions 
and over-the-air download of software components are considered in E2R (Stavroulaki 
et al., 2004). This chapter focuses on a multi-mode reference model for a flexible ra-
dio-interface of next generation radio networks. Therefore, the efficient realization of 
multi-mode protocols with the help of a generic protocol stack is introduced in Sec-
tion 3.2. The separation of the protocol software into generic and specific parts is the 
basis for the multi-mode reference model that is outlined in Section 3.3. The reference 
model can also be extended to the context of reconfigurability but this is beyond the 
scope of this thesis. Optimized transition between modes and coexistence of different 
modes is realized with the help of a hierarchical management structure on the level of 
(i) the complete protocol stack and (ii) a single layer as introduced in Section 3.4. 
Generic protocol functions of the data link layer realized through parameterizable 
modules illustrate in Section 3.7 the realization of a flexible radio-interface and give a 
proof of concept.  

In the following, the term “multi-mode” may be equivalently substituted by “multi-
standard”, “multi-protocol” or “multi-system” and the term “layer” implicates a “sub-
layer”. A multi-mode terminal of a radio network with multiple radio-interfaces that is 
able to hook-on to the best-suited radio-interface from a number of available interfaces 
in a given environment is for instance envisioned in (Walke, 2002; Walke and Kumar, 
2003). 

3.1 Relay-based Next Generation Networks Supporting Mul-
tiple Modes 

Relay-based wireless mobile broadband systems that provide a contiguous coverage in 
densely populated urban areas can serve as a prototypical example of potential 4th 
Generation (4G) systems. Depending on the multi-mode capability of the network 
elements, different deployment scenarios can be characterized as shown in Figure 3.1. 
The network elements related to the radio-interface of a relay-based system are namely 
the User Terminal (UT), the Relay Node (RN) and the Access Point (AP). Thereby, the 
APs offer a high capacity in a relatively small coverage area. RNs have the advantage 
of distributing this high capacity available at the AP into a larger region. RNs cost-
efficiently extend the coverage of a single AP to areas originally not covered by this 
AP. The capacity of the fixed link between AP and RN can benefit from smart antenna 
techniques, spatial diversity and the exploitation of heavy shadowing through high 
spatial frequency re-use. The network elements discussed here are conform to the 
logical node architecture developed within WINNER and published in (Johansson et 
al., 2004; Walke et al., 2004a).  



3.2 Generic Protocol Stack for Efficient Multi-Mode Protocols 45

For the sake of simplicity the illustrations of Figure 3.1 limit the available modes to 
mode 1 and 2. In the case of single-mode network elements the relay-based system has 
a classical multi-hop architecture as depicted in scenario (I) of Figure 3.1. In scenario 
(II), the RN simultaneously uses different modes of the radio-interface for the RN-AP 
link and the UT-RN link, respectively. These modes are pre-installed and used in a 
complementary way. Scenario (III) introduces a multi-mode capable UT, which is able 
to connect to the AP and RN with different modes. Scenario (IV), additionally, intro-
duces a multi-mode AP: The multi-mode AP uses one mode for the relay link and a 
different mode for the link to the UT. In scenario (V) all network elements are multi-
mode capable enabling an efficient fulfillment of capacity and Quality-of-
Service (QoS) requirements. This implies a joint Radio Resource Management (RRM), 
inter-mode scheduling and self organization as outlined underneath. One example for 
scenario (V) is the complementary usage of (i) a mode for a commercial relay-based 
system operating in licensed frequencies and (ii) an “open spectrum mode” operating 
in unlicensed bands of cost-free usage. 

A network scenario of dynamically reconfigurable network elements with over-the-air 
protocol reconfiguration and software downloads is beyond the scope of this thesis but 
is, nevertheless, possible to be implemented through the multi-mode protocol refer-
ence model introduced below. 

3.2 Generic Protocol Stack for Efficient Multi-Mode Proto-
cols 

The basic idea of a generic protocol stack is that all communication protocols share 
much functional commonality. This commonality can be exploited to build an efficient 
multi-mode capable wireless system. The term “generic” can be substituted in the 
following by “common” and “general”. The aim is to gather these common parts in a 
toolbox of protocol functions referred to as generic protocol stack. Generic functions 
for example are specialized by parameters following particular requirements of the 
targeted mode, also referred to as Radio Access Technology (RAT), and depicted in 
Figure 3.2. Depending on the supported number of modes more or less elements from 
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Figure 3.1: Deployment scenarios of relay-based 4G wireless networks characterized through the 
different usage of two modes (1 and 2). The coverage areas of the access points (solid ellipses) is 
extended with the help of relay nodes (dashed ellipses). 
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the toolbox can be found in a single device. The targeted advantages of this concept 
are: Code/resource sharing and protocol development acceleration through re-usability, 
maintainability and runtime reconfigurability.  

As depicted in Figure 3.2, the generic protocol stack consists of different elements that 
can be identified as potential commonality in the context of communication protocols: 

• Architecture and composition of a protocol stack  

• Functions fulfilled by a layer that imply a certain behavior. A generic function 
can be parameterized to be used in a specific layer 

• Data structures, i.e., protocol data units or information structures, used for 
communication between peer-entities of a layer. The layer-based hierarchy of 
data units introduced in the ISO/OSI reference model (ITU, 1994) can be iden-
tified as common basis  

• Protocol framework, i.e., common rules for communication, as for instance the 
structure of a Medium Access Control (MAC)-frame (sequence and duration of 
broadcast, downlink and uplink phase) 

• Management of a layer and protocol stack 

These commonalities form, together with mode specific parts, a system specific proto-
col stack. An efficiently designed multi-mode capable stack is realized in adding man-
agement functions to take care of the composition and the parameterization of the 
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Figure 3.2: UML diagram of the generic protocol stack in the context of protocol multi-mode ca-
pability and reconfigurability. 
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mode-independent and the mode specific parts. This ensures modes convergence, 
which is introduced in the next section in taking up the composite radio paradigm of 
using modes in a complementary way. The introduction of additional reconfiguration 
management and functions leads to a dynamically reconfigurable protocol stack but 
leaves the scope of this thesis. 

3.2.1 Common Ancestors – Common Functionalities 
Technology shows the tendency to develop in an evolutionary fashion. The result of 
this evolutionary process is that technologies with “common ancestors” tend to exhibit 
a high degree of similarity and commonalities. The digital cellular mobile radio net-
works of the third generation of Universal Mobile Telecommunications System 
(UMTS) originated in the Global System for Mobile Communication (GSM). This 
evolutionary process indicates that in standardization it is fallen back on well-proven 
functions and mechanisms which are adapted to the specific requirements of their 
application. As example, the High Level Data Link Control Protocol (HDLC), stan-
dardized in the year 1978 (ISO, 1978) is taken in the following. HDLC is a bit-
oriented synchronous Data Link Layer (DLL) protocol which forms the basis for a 
large number of protocols, both in the wired and the wireless worlds as depicted in 
Figure 3.3. All these protocols use a standard frame structure for transferring user-data 
and channel related control information for the signaling on the DLL and they provide 
them in a very similar fashion (3GPP, 2003; ETSI, 1996, 1998). 

3.2.2 Definition of “Generic” 
A key issue of the introduced reference model for multi-mode protocols is the separa-
tion of a layer into specific and generic parts. The term generic is used by multiple 
authors with different knowledge backgrounds leading to dissimilar or even contradic-
tory understandings of genericity. In taking the realization of a protocol stack out of 
generic and specific parts into account this becomes a software engineering problem of 
generic programming. Generic programming can be defined as 
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Figure 3.3: Concrete example for “generic”: High Level Data Link Control Protocol as common 
origin of multiple protocols used for signaling in the data link layer. 
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“programming with concepts, where a concept is defined as a family of 
abstractions that are all related by a common set of requirements. A 
large part of the activity of generic programming, particularly in the de-
sign of generic software components, consists of concept development - 
identifying sets of requirements that are general enough to be met by a 
large family of abstractions but still restrictive enough that programs 
can be written that work efficiently.” (Musser, 2004) 

The balancing of the trade-off between general usability and implementation effort is 
crucial for the success of the separation of complex protocol software into generic and 
specific parts.  

3.2.3 Related Work on Generic Communication Protocols 
From the software engineering perspective, there are generally three possibilities for 
approaching the generic protocol stack: (i) Parameterizable modules forming a toolbox 
of common protocol functions, (ii) inheritance or (iii) a combination of both. The ab-
straction level of the identified protocol commonalities is one criterion to decide which 
possibility to choose. Well known programming patterns from computer science 
(Gamma et al., 2001) provide thereby a suitability-proven fundamental approach to the 
efficient realization of reconfigurable multi-mode protocol software. The approach 
concentrating on fundamental protocol functions is introduced in Section 3.6 and 
(2004a; Berlemann et al., 2004d; 2004e; 2005h), while an inheritance-based approach 
on the level of complete systems is considered in (Berlemann et al., 2003a; Siebert, 
2000; Siebert and Walke, 2001). The focus of this thesis is on the combination of both 
approaches as outlined in Section 3.6. This combination promises to be adequate to 
fulfill all requirements of realizing a flexible protocol stack.  

Additionally, Sachs (2003) takes up the idea of a generic protocol stack in focusing on 
a generic link layer for the cooperation of different access networks at the level of the 
data link layer. However, not only the link layer protocols but also adjacent layers’ 
functions as for instance the control and management of the radio resources as well as 
mobility have to be considered in a multi-mode capable network. The work of 
Sachs (2003) is continued in (Koudouridis et al., 2005) focusing on multi-radio trans-
mission diversity and multi-radio multi-hop networking which can be seen as a use 
case for the generic protocol stack elaborated in this thesis. The approach taken in this 
work aims at maximizing flexibility by providing a framework that is both general 
enough to accommodate a wide range of protocols, yet efficient enough to ensure 
competitive performance.  

Similar goals have been formulated and followed in the software engineering domain: 
The x-Kernel architecture (Hutchinson and Peterson, 1991) composes a protocol graph 
of protocol components together into a system, but the approach does not permit dy-
namic reconfiguration of the protocol graph and it does not specifically target wireless 
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communications. The Defense Advanced Research Projects Agency (DARPA) Active 
Networking program (Smith and Nettles, 2004) tries to answer the key question of 
location (and nature) of programmability with the perspective to build a flexible dis-
tributed computing system, again with a focus on fixed networks. 

An adaptive framework for dynamic radio networking referred to as MultiMAC is 
proposed in (Doerr et al., 2005). MultiMAC is a framework and experimental platform 
for evaluating dynamic and intelligent reconfiguration of MAC and physical layer 
properties. Contrary to this thesis, MultiMAC is used for choosing between multiple 
system specific MAC layers that are implemented in not taking protocol commonal-
ities into account. 

3.2.4 Partitioning Functionality – Why and How?  
As the architecture of modern communication protocols cannot be completely forced 
into the classical layered architecture of the ISO/OSI reference model, it is rather diffi-
cult to identify similarities and attribute these to specific layers. Therefore, this thesis 
deepens the level of examination and considers fundamental protocol functions as 
introduced above as one basis for a generic protocol stack, contrary to (Berlemann et 
al., 2003a; Siebert, 2000; Siebert and Walke, 2001) where complete protocols are 
analyzed for genericity. The identified protocol functions correspond mainly to the 
DLL as specified in the ISO/OSI reference model. Nevertheless they can be found in 
multiple layers of today’s protocol stacks. The functions of segmentation/reassembly 
or an Automatic Repeat Request (ARQ) protocol used for error correction are an ex-
ample for this: They are located in the Radio Link Control (RLC) as well as in the 
transport layer, namely in the Transmission Control Protocol (TCP).  

The HDLC protocol will serve as an example to show how protocols belonging to 
different radio-interfaces can exhibit a high degree of commonalities. This thesis pre-
sents a reference model for future protocol stacks supporting multiple modes of an 
radio-interface by exploiting their commonalities and by providing an efficient way of 
re-using generic functions for radio-interface-specific purposes.  

The reference model presented in Section 3.3 is based on the widespread perception 
that radio interface protocol functions can be divided into two sets of functionalities (i) 
mode-/system-specific functions and (ii) generic (common) functions. 

3.2.4.1 Mode-/System-specific Functions  
Mode specific protocol functions are unique to a certain kind of radio interface mode 
and cannot be found in any other mode of the same or any other radio interface. Ex-
amples for such mode-specific functions are advancements to an ARQ protocol like 
Hybrid ARQ and Incremental Redundancy (IR) as specified for UMTS-High-speed 
Downlink Packet Access (HSDPA) or bitmap based acknowledgement as specified as 
an option in UMTS. 
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3.2.4.2 Generic Functions 
The view that is usually taken in standardization is that “generic” functions are not 
fully specified and have to be enriched by specifying missing parts. This view does not 
apply in this thesis. It has to be noted that in this thesis’ context, the “generic” func-
tions are assumed to be the identified set of common (mode independent) functions of 
a set of radio-interface modes. This means they are “generic” from the viewpoint of 
the modes, but not from the viewpoint of functionality. It is assumed that these func-
tions can be adapted to the use in any of the targeted modes through proper parame-
terization. They are generic in the following sense: In most cases, they will have to 
rely on additional mode-specific functions to provide the full functionality of a certain 
protocol layer of a certain radio-interface mode. An ARQ protocol for instance is a 
generic protocol which can be specified as Go-Back-N or Selective Reject ARQ pro-
tocol providing an error-free transfer of data.  

In regarding the generic protocol stack as toolbox of common protocol functions 
which may be used in a specific protocol implementation the multitude of protocol 
functions considered as being generic is increased: It suffices that they can be found in 
at least two protocol modes to be counted as belonging to the toolbox of generic proto-
col functions. This means that the generic protocol stack, when covering more than 
two modes, also might contain some functions that are not used in all modes. 

A general and trivial observation is that the degree of commonalities between a set of 
different radio-interface modes is decreasing with the number of modes being inte-
grated, as depicted in Figure 3.4. The interesting observation that can be made in this 
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Figure 3.4: Estimated degree of commonalities in multi-mode protocol stacks as a function of the 
number of integrated modes. New radio-interfaces can benefit from cooperative design taking gen-
eral usability of the protocol into account. 
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context is that the design processes of new radio-interfaces can be expected to highly 
benefit from cooperation, resulting in the potential to increase commonalities between 
these new radio-interfaces and thus reduce development and equipment costs. Thus, 
the degree of similarities can be improved, when considering multi-mode capability 
based on genericity during the development and standardization of new protocols 
compared to the common parts of existing 2nd Generation (2G) and 3rd Generation 
(3G) protocols. 

3.3 Multi-Mode Reference Model based on Modes Conver-
gence 

A relay-based next generation radio access network as introduced above benefits from 
the multi-mode reference model proposed in this section, as it facilitates the coexis-
tence and the cooperation of different modes in all network elements. This efficient 
integration of multiple such modes shall further be referred to as “Modes Conver-
gence”. In IP-based RATs of 4G, modes convergence is not limited to the radio access 
but considers also the network and transport layers according to the ISO/OSI reference 
model: Commonalities can be identified for instance between IPv4 and IPv6 or the 
multiple versions of TCP. 

3.3.1 Multi-Mode Protocol Architecture 
Figure 3.5 illustrates the architecture of a multi-mode protocol stack for a flexible 
radio-interface (Berlemann et al., 2005b; Berlemann et al., 2005e; Berlemann et al., 
2006c; Walke et al., 2004b). The layer-by-layer separation into specific and generic 
parts enables a protocol stack for multiple modes in an efficient way: The separation is 
the result of a design process that is referred to as cross-stack optimization, which 
means the identification and grouping of common (generic) functions. The generic 
parts, diagonally hatched in Figure 3.5, of a layer can be identified on different levels 
as introduced below. The generic parts are re-used in the different modes of the proto-
col stack. All generic parts together can be regarded as generic protocol stack (Siebert, 
2000). The composition of a protocol stack of two modes out of generic and specific 
parts (horizontally hatched for mode 1 and vertically hatched for mode 2) is exempla-
rily depicted in Figure 3.5.  

The management and the joint handling of the protocol stack operating in different 
modes are performed by the cross-stack management, also shown in Figure 3.5. The 
cross-stack management is envisaged to be performed by a Stack Modes Convergence 
Manager (Stack-MCM) in a hierarchical manner. The introduced hierarchical man-
agement structure differs between the complete stack and single protocol layer. The 
counterpart of the Stack-MCM is the Layer N Modes Convergence Managers ((N)-
MCM) which exists once in each layer as presented in this section. The protocol mod-
ules of generic functions are exemplarily introduced: Some of them are re-used in a 
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layer and/or additional functions are taken from the toolbox of common protocol func-
tions as part of the generic protocol stack. The Radio Resource Control (RRC) on the 
control-plane and the RLC on the user-plane are generic to the layers located above. A 
mode specific protocol stack has an individual management-plane. RRM, the Connec-
tion Management (CM) and the Mobility Management (MM) are located in the RRC 
layer. The transition between modes and the coexistence of several modes is per-
formed by the Stack-MCM. The (N)-MCM enables composing a layer out of different 
parts as depicted in Figure 3.5 and introduced in the previous section. The split be-
tween user and control-plane is limited to the network layer and the DLL, while the 
PHYsical layer (PHY) is typically the same for both planes. 

The (N)-MCM is the intermediator between the generic and specific parts of the multi-
mode protocol stack’s layers: All Service Access Points (SAPs), i.e., interfaces, 
touched during the mode transition of a layer are administrated by the (N)-MCM. In 
the classical view of protocols as state machines, the (N)-MCM transfers all state vari-
ables of the protocol layer between two modes with the help of the Stack-MCM. This 
could for instance imply the state transfer of being connected from one mode to the 
other together with a data transfer of received but unconfirmed data frames. 

These management-plane functions, responsible for ensuring the “Modes Conver-
gence”, thereby achieve the following: 

 
Figure 3.5: The Multi-mode protocol architecture, facilitating transition between modes (inter-
mode handover) and coexistence of modes (in relay stations connecting different modes) by the 
way of a cross-stack management supported by the modes convergence manager of a layer or stack. 
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• Protocol convergence – integrating different modes in one protocol layer, also 
allowing coexistence and cooperation of modes 

• Layer composition and parameterization – arranging functionalities and setting 
mode-specific parameters 

• Data preservation and context transfer – to facilitate seamless transition / 
switching between modes 

The introduced multi-mode protocol reference model facilitates the structuring of an 
arbitrary layer into generic and specific parts. In providing guidance for understanding 
this structuring, it marks up optimization potential in questioning the necessity of 
indicated differences. Compared to existing protocols standards, an increased protocol 
convergence is reached in this way enabling an efficient multi-mode capable protocol 
stack.  

The reconfiguration-plane located beside the management-plane, see Figure 3.5, is not 
considered here in detail. Nevertheless, the Stack-MCM realizes the reconfiguration of 
the protocol stack from one mode to the other in providing services to the reconfigura-
tion-plane. The reconfiguration management plane contains all functions related to the 
management and control for end-to-end reconfiguration (Alonistioti et al., 2004) as for 
instance the security aspects of reconfiguration and software download and the com-
munication of the reconfiguration capabilities.  

One option for the multi-mode architecture is the operation of multiple modes in paral-
lel in order to operate simultaneous radio links over different radio-interfaces as dis-
cussed in the context of mode coexistence in Section 3.3.3. 

3.3.2 Functions of Stack Modes Convergence Manager 
The convergence between mode specific protocol stacks is realized through the Stack-
MCM implying implicitly the following functions: 

3.3.2.1 Joint Radio Resource Management 
The functions of the user and control-plane are administered by the RRM under cen-
tralized or decentralized coordination control and the RRM decisions are executed by 
the RRC of the corresponding modes. The RRM may assign multiple modes to one 
specific data flow. The RRC provides status information about the mode specific pro-
tocol stack in a generic structure to the RRM of the multi-mode protocol. In case of a 
(semi-)centralized coordination of the radio resource allocation, this generic informa-
tion structure about the status of the different modes of the protocol stack can be 
transmitted to enable an adequate decision. The RRM of a single multi-mode device 
may also support the coordination across neighboring operating devices as for instance 
the coordination across base stations of a given RAT. 
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3.3.2.2 Inter-Mode Scheduling 
The Stack-MCM, as (inter)mediator between modes, performs scheduling among 
different modes, as illustrated in Figure 3.5. Contrary, the scheduling inside a mode 
across logical/transport channels is done in MAC-g or RLC-g of the specific mode’s 
protocol stack. The inter-mode scheduling considers the dynamic scheduling of differ-
ent user data flows over multiple modes alternating or in parallel. The scheduling 
strategy may for instance be based on the modes’ interference situation which requires 
a provision of necessary information directly from the PHY if the decision is done in 
the MAC independent from RRC/RRM. This information about the quality of the 
radio link is again provided in a generic information structure. 

3.3.2.3 Self-Organization 
The envisaged communication system is able to autonomously decide about its radio 
resource allocations in taking the environment into account. This implies for instance 
the adequate selection of frequencies used for transmission or the routing of user data 
packets. The radio resource is selected under consideration of interference avoidance 
with other radio systems. Further, the optimized spectrum utilization coordinated with 
neighboring radio systems of the same technology is taken into account, which may 
also be related to efficient multi-hop relaying depending on the selected deployment 
scenario. The self-organization comprises scenarios of breaking down and installation 
of additional devices in an operating communication system. The Stack-MCM has to 
support the addressed functionalities in activating for instance different modes to pro-
vide information about the interference situation or the role of devices (if they are 
acting as RN or AP) in reception range. 

3.3.3 “Mode Transition” vs. “Mode Coexistence and Cooperation” 
The Stack-MCM administers the protocol stacks of several modes under consideration 
of the environment, i.e., receivable modes at the location of a device and requirements 
of the user and its applications. The reconfiguration of the protocol stack from one 
mode to the other is referred to as mode transition. The mode transition may be done 
on several levels depending on architectural constraints of the protocol layers and the 
general treatment of generic parts: In case of a unique permanent existing DLL (Sachs, 
2003) of functions which are reconfigured (re-parameterized, restructured or extended) 
the mode transition is limited to the layers below – the MAC and PHY. The same 
stands for the case of a protocol stack of two modes used for relaying: The termination 
of an end-to-end retransmission protocol above the relay limits the considered protocol 
layers during transition from one relaying-mode to another. Thus, mode transition may 
be done (i) on MAC level or (ii) on RRC level depending on termination of generic 
parts of the DLL. 

Temporal or permanent in parallel existing modes of a protocol stack are referred to as 
mode coexistence. Mode coexistence can be reasoned through, (i) a relaying function 
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in case of two simultaneous existing modes or (ii) the simultaneous connection to 
multiple modes for other reasons (a dedicated mode for broadcasts, applications of the 
user with different QoS requirements, cost preferences from user, etc.) or (iii) short-
term coexistence for inter-mode handover and (iv) seamless mode handover. In case of 
mode cooperation, mode-independent services towards higher layers are provided by 
multiple modes together. 

3.4 Modes Convergence in a Protocol Layer 
The introduced hierarchical management structure differs between the complete stack 
and single protocol layer. The counterpart of the Stack-MCM is the (N)-MCM which 
exists once in each layer as presented in this section.  

Figure 3.6 shows the general structure of a protocol layer conforming to the reference 
model from above. It is assumed that the functionality inside the layer is always com-
posed of a generic (common to all modes) part and mode-specific parts, which jointly 
provide the modes’ services of the layer via SAPs. The SAP of a layer N is in the fol-
lowing denoted as (N)-SAP. Layers can be configured for one mode at a time. Modes 
can also coexist temporarily or permanently. The specific SAPs of a layer are defined 
via the currently used mode or a set of modes. This does not preclude the possibility 
that SAPs of different modes can be accessed by higher layer entities in a common 
way as visualized by (N)-SAP-g.  

The composition and reconfiguration of the layer is taken care of by a layer-internal 
instance, the (N)-MCM that resides in the management plane. The (N)-MCM enables 
a layer N to provide multiple modes and to make functionality available. An instance 

layer N - mode 1, 2 or 3

(N)-SAP-s1.1

(N-1)-SAP-s1.1

(N)-SAP-s1.2

services of layer N / 
sublayer N.n

 provided jointly 
through generic and 

specific parts

(N)-MCM

(re-)configures

composes layer N - mode1 - specific  part

layer N - mode2 - specific  part

layer N – 
generic part

for mode 1-2-3
convergence

layer N - mode3 - specific  part

(N)-SAP-s2.1 (N)-SAP-s2.2 (N)-SAP-s3.1

(N-1)-SAP-s2.1 (N-1)-SAP-s3.1

stack 
management

(N)-SAP-g

 
Figure 3.6: Composition of a layer N from generic and specific functions. The composition and 
(re-)configuration is handled by the (N)-MCM. The (N)-MCM is controlled by a layer-external 
stack management entity, namely the Stack-MCM. 



3. Multi-Mode Protocol Stack 56

of the (N)-MCM serves as a reconfiguration handler in each layer of the radio-
interface protocols.  

3.4.1 Functions of Layer N Modes Convergence Manager 
3.4.1.1 Protocol Convergence 
The convergence of multi-mode protocol stacks has two dimensions: First the conver-
gence between two adjacent layers, in the following referred to as vertical convergence 
as it is known from the user-plane of H/2 protocol stack. Second the convergence 
between layers located in the different modes of the protocol stack which have the 
same functions: In the following referred to as horizontal convergence. The generic 
protocol stack, managed by the (N)-MCM as introduced above, enables both the hori-
zontal as well as vertical protocol convergence. 

From the perspective of higher layer protocols the multi-mode protocol stack is trans-
parent on the user- as well as on the control-plane, i.e., generic parts terminate the 
stack to the layers above, as depicted in Figure 3.5. The vertical conversion of the 
(N)-MCM implies the adaptation of the packet data protocols working in the multi-
mode protocol stack in a specific mode. This may be for instance the conversion of an 
IP datagram in compressing the IP-Header. 

3.4.1.2 Layer Composition and Reconfiguration 
The separated approach of generic and specific parts requires an administration when 
taking the transition between modes into account: The common generic parts of the 
old mode need to be adapted for being re-used in the new mode of the protocol stack. 
It is assumed that the generic parts of a layer exist permanently and are to be reconfig-
ured and/or recomposed by the (N)-MCM corresponding to the characteristics of the 
targeted new mode. This assumption may imply a module-based composition concept 
of the generic parts as introduced in Section 3.6. The composition and configuration of 
the layer out of generic and specific parts is done by the (N)-MCM. 

3.4.1.3 Data Preservation and Context Transfer 
The communication between two modes and the mapping between generic and spe-
cific parts of a mode is done by the (N)-MCM (inside layer) and the Stack-MCM 
(transfer between modes). The transition between two modes can be optimized in 
copying the data from the old mode to the new mode. The ability of a user-plane pro-
tocol to re-use status information in the generic part and protocol data after transition 
to another mode requires an extension of the protocol into the control-plane though it 
performs only user-plane tasks. Depending on the status of the related protocol parts, 
the data transfer is referred to as “data preservation” or “context transfer” as illustrated 
in Figure 3.5: If the generic part is reconfigured and recomposed the data needs to be 
preserved, i.e., adapted, to the new mode. In the case of a deletion of the old spe-
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cific/generic part the data transfer is named “context transfer” which implies preserva-
tion for the new mode. 

Figure 3.7 and Figure 3.8 define the general structure of a protocol layer conforming 
to the reference model from above.  

3.4.2 Example 1: Multi-Mode Layer N 
Using the basic building blocks introduced in Figure 3.6, the realization of a protocol 
layer or sub-layer with multi-mode capabilities becomes possible. Figure 3.7 shows 
that the (N)-MCM configures the layer (the set of common and specific functions 
inside the central, dashed box) so that simultaneous operation in mode 1 and mode 2 is 
enabled. It is distinguished into two ways of operation which are referred to as modes 
coexistence ( ) and modes cooperation ( ). In the first case, the layer can be re-
garded as “polymorphic”, i.e., it can provide services of two (or more) different modes 
towards higher layers and use services of two (or more) different modes provided by 
lower layers. In the second case, the layer supports the cooperation of different modes, 
because it is able to provide mode-independent services towards higher layers, while 
using services of two (or more) modes provided by lower layers. 

3.4.3 Example 2: Multi-Mode Relay 
Figure 3.8 shows as second example how a multi-mode relay is formed. The different 
behavior of the layer as compared to Example 1 is achieved through different configu-
ration/parameterization by the (N)-MCM. In this case, the layer bridges mode 1 and 
mode 2 and does not provide services towards higher layers. This way, a (heterogene-
ous) relay connecting two different radio-interface modes can be efficiently imple-
mented, because the functionality in the common part provides an inherent interface 
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Figure 3.7: Example configuration 1 of a certain protocol layer or sublayer N: Multi-mode opera-
tion. Either modes coexistence  or modes cooperation  is possible. 
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for the back-to-back interconnection of the different modes. It is worth mentioning that 
the concept of a relay specified in the ISO/OSI reference model already foresees such 
type of separation of functions in specifying subnetwork dependent, subnetwork inde-
pendent and relay functions (ITU, 1994). The concept proposed in this thesis extends 
the relay of the ISO/OSI reference model in considering multiple modes and their 
management. 

3.5 Layer-based Separation into Generic and Specific Parts 
The Generic Protocol Stack is based on generalized common protocol functions sorted 
by the corresponding layer: PHY-g, MAC-g, RLC-g and RRC-g. Each layer is com-
posed out of generic and specific parts as depicted in Figure 3.6. They are connected 
through generic or specific SAPs administrated by the (N)-MCM following the defini-
tions from above. Analogous to the data link layer, MAC-g and RLC-g can be re-
garded as Generic Link Layer (GLL) (Sachs, 2003). Taking up the idea of a toolbox 
consisting of general protocol functions, the introduced assignment to specific layers is 
not limiting their utilization to this single layer, as for instance the segmentation func-
tion which may be used on various levels of a protocol stack.  

3.5.1 Separation of the Radio Resource Control into RRC-g and RRC-s 
The RRC, as depicted in Figure 3.5, contains all algorithms required for configuration 
and operation of a specific mode of the protocol stack. The RRC is generic to the lay-
ers above to enable an efficient RRM of multiple modes independent from the charac-
teristics of a single mode. The RRC establishes on demand a connection through the 
complete protocol stack for transferring user data. Therefore RLC, MAC and PHY are 
configured corresponding to required QoS parameters of the users’ applications. Fur-
ther the RRC is responsible for the location management and inter-/intra cell handover, 
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Figure 3.8: Example configuration 2 of a certain protocol layer or sublayer N: Realization of a 
multi-mode layer N relay. 
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also regarded as MM-functions. It supports the cross-stack RRM in collecting infor-
mation in the different layers for optimizing radio resource allocation of all modes 
together. The RRC executes the decisions of the joint RRM as for instance the control 
of a dynamic allocation of the radio resource. The information collected by the RRC of 
a specific mode may be provided in a generic information structure to the RRM of the 
multi-mode protocol as introduced above. In case of a (semi-)centralized coordination 
of the radio resource allocation, this generic information structure about the status of 
the different modes of the protocol stack can be transmitted to enable an adequate 
decision. The CM can be realized with a high grade of genericity as it provides mode 
independent functions as for instance call control. 

3.5.2 Separation of the Data Link Layer into Specific and Generic Parts 
The following functions can be regarded as belonging to MAC-g and RLC-g. They are 
part of the generic protocol stack as toolbox of common, re-usable protocol functions: 

• Logical link connection setup (Normal Response Mode, Asynchronous Re-
sponse Mode and Asynchronous Balanced Mode) 

• Handling of medium access collisions, e.g., during setup 

• Error handling with the help of (i) ARQ protocols (Berlemann et al., 2004d) or 
(ii) Forward Error Correction (FEC) which is typically but not necessarily a 
PHY function 

• Flow control 

• Segmentation, concatenation and padding of Protocol Data Units (PDUs) 
(Berlemann et al., 2004a) 

• Discarding of segments received repeatedly 

• Reordering of PDUs for in-sequence delivery 

• Multiplexing/De-Multiplexing of the data flow, as for instance the mapping of 
different channels 

• Dynamic intra-mode scheduling between user data flows within one mode 

• Ciphering 

• Header compression 

The RLC is used by the control and user-plane, as depicted in Figure 3.5. The RLC 
offers a reliable connection for the signaling of the control-plane. The DLL provides 
multi-mode macro diversity for the transmission and reception of data depending for 
instance on the temporal quality of a radio link. This dynamic scheduling of user pack-
ets over multiple modes requires accurate information about the state of the physical 
channels, which is provided by the PHY-g in a generic information structure. The 
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MAC layer coordinates the access to the physical medium. Thus the specific resource 
allocation of a mode is done by the MAC-s. 

3.5.3 Separating the Physical Layer into PHY-g and PHY-s 
Both, the protocol (software) parts of a reconfigurable physical layer and the recon-
figurable modem hardware originate from SDR. Reconfigurable functional modules 
used for signal processing are for instance the FEC or interleaving. The synchroniza-
tion, fast power control provisioning of link quality measurement data or the support 
of soft handover for macro diversity can be regarded as generic functions of PHY-g. 
The PHY-g supports physical channel related decisions in MAC and RRC: Generic 
information about status of physical channels is reported to the RRC as for instance 
the Frame Error Rate, the Signal to Interference Ratio, the measured interference 
power etc. The specific characterization of the utilization of the physical resource as 
for instance the modulation, waveforms, codes used for spreading and scrambling or 
frequencies used for radio transmission are part of the PHY-s. 

3.6 Implementing a Multi-Mode Protocol Stack 
The implementation of a dynamic multi-mode protocol stack is depicted in Figure 3.9. 
Fundamental, i.e., atomic, protocol functions are realized as generic (common to all 
modes) modules, which are parameterized corresponding to a specific mode. A seg-
mentation and reassembly module is an example for such a generic function, realized 
as a module. More complex and/or specific functionalities of a (sub)layer are provided 
in combining generic and specific parts, as for instance the concretion of a generic 
ARQ module to a hybrid ARQ through inheritance. The scheduling between modes is 
a functionality which can be jointly fulfilled by generic and mode-specific modules. 
The modes’ services of the layer are provided via SAPs. Through this, layers can be 
configured for one mode at a time. Modes can also coexist temporarily or permanently. 
The specific SAPs of a layer are defined via the currently used mode or set of modes. 
This does not preclude the possibility that SAPs of different modes can be accessed by 
higher layer entities in a common way as visualized by L(N)-SAP-g in Figure 3.7.  

The composition and reconfiguration of the layer is taken care of by a layer-internal 
instance, the (N)-MCM, which resides in the management plane. It is the layer’s coun-
terpart of the Stack-MCM as introduced above and illustrated in Figure 3.9. In the case 
of a switching between modes, for instance reasoned by a vertical handover, the (N)-
MCM is responsible for transferring data from the old mode to the new mode. The 
above mentioned context transfer of user data waiting in the queues of an ARQ mod-
ule is supported by the (N)-MCM in questioning this data from the modules of a mode. 
The following examples show, how different elements of the protocol architecture can 
be implemented conformant to the reference model. 



3.6 Implementing a Multi-Mode Protocol Stack 61

Again, the generic protocol stack is the realization of the common parts, as illustrated 
in Figure 3.2, and implements its common functions on the basis of modules. These 
common protocol functions get their system specific behavior based on parameteriza-
tion. Once specified, these modules can be repeatedly used with a different set of pa-
rameters corresponding to the specific communication system. The modules of generic 
protocol functions form together with system specific modules a complete mode spe-
cific protocol layer, as depicted in Figure 3.9. The communication inside the layer is 
performed with the help of generic data structures, i.e., generic service primitives and 
generic PDUs, which are also considered as being a part of the generic stack, see again 
Figure 3.2. These generic data structures are extended through system-specific infor-
mation elements. The functional modules form a toolbox of protocol functions as illus-
trated in Figure 3.10. 

A unique manager together with interfaces for the SAP to the adjacent layers complete 
the protocol layer to full functionality as depicted in Figure 3.9. In detail, the men-
tioned components have the following tasks: 

• Functional module (generic or RAT specific): Realizes a certain fundamental 
functionality. In case of a generic module a list of parameters for characterizing 
the functionality is given and the underlying functionality is hidden. The com-
prehensiveness of the fulfilled function is limited to fit straightforward into a 
single module. 

• Layer N Modes Convergence Manager: Composes and administrates the 
layer during runtime. This implies the composition, rearrangement, parameteri-
zation and data transfer between the functional modules. Additionally, the 
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Figure 3.9: Composition, parameterization and switching between modes is done by Stack-MCM 
(on protocol level) and the (N)-MCM (on sublayer level). A mode specific sublayer is composed 
out of parameterizable modules realizing a generic of specific functionality. 
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manager administrates the layer internal communication, as for instance the 
connection of the layer’s modules through generic service primitives.  

• Interface: Translates the generic service primitives with specific protocol in-
formation as payload to system specific ones and enables thus the vertical as 
well as horizontal integration of the system specific parts of the layer. 

• Service Access Point: Here, services of the layer are performed for the higher 
layer. The layer may communicate via generic primitives without a translation 
interface with a higher layer if said layer has the same modular composition. 
The interface is needed if it is demanded that the layer appears as a classic layer 
fitting into an ordinary protocol stack. 

• PDU factory (as functional module, later depicted in Figure 3.11, Figure 3.12 
and Figure 3.13): Composes layer specific protocol frames and places them as 
payload in generic PDUs. 

This approach enables the design of a layer and its simulation for performance evalua-
tion on several levels: A single sublayer as well as a complete protocol stack can be 
composed out of the introduced modules. To facilitate understanding, the parameteri-
zation itself is introduced later. 

Schinnenburg et al. (2005) take up the initial steps presented in this section and intro-
duce a framework for implementing protocol layers using an approach based on func-
tional protocol units to efficiently support the design of a multi-mode protocol layer. 

3.6.1 Parameterization of Functional Modules 
Parameterization implies not only specific values, as for instance the datagram size of 
a segmentation module, but also a configuration of behavior and characteristics of a 
module, as for example the concretion of an ARQ module as a Go-back-N ARQ pro-
tocol with specified window sizes for transmission and reception. This implies as well 
a configuration of the modules’ interface to the outside. Thus, the parameterization of 
functional modules may mean (i) a specification of certain variables, (ii) the switching 
on/off of certain functionality/behavior and (iii) an extension of the module’s interface 
to the outside. 

Taking the example of a segmentation/reassembly module, the parameterization may 
imply among other things: 

• Use of concatenation 

• Use of padding, i.e., filling up of the PDU to reach a certain size 

• Transmitter or/and receiver role 

• Buffer size for Service Data Units (SDUs) concatenated in a single PDU 
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• Size of PDU after handling 

• Behavior in case of error, i.e., interworking with ARQ module 

At the example of an ARQ module, the parameterization means the specification of: 

• Transmitter or/and receiver role 

• Receive and transmission window size 

• Fixed, variable (TCP) window length or open/shut mechanism (GSM Logical 
Link Control (LLC)) 

• Timer values, e.g., after a packet is assumed lost 

• Connection Service: inexistent (UMTS RLC), separated for each direction 
(802.11 - CSMA/CA with Request to Send (RTS) / Clear to Send (CTS)), 2-
way handshake (GSM LLC) or 3-way handshake (TCP) 

• Use of Negative ACKnowledgments (NACKs) 



3. Multi-Mode Protocol Stack 64

manager

multiplexer

multiplexer PDU factory

ARQ unit

segmentation unit

interface

SAP

SAP

toolbox of functional 
modules

 
Figure 3.10: Toolbox of functional modules as part of the generic protocol stack. 
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Figure 3.11: UMTS RLC layer based on the functional modules of the generic protocol stack. 
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Figure 3.12: TCP, IP and UDP layer based on the functional modules of the generic protocol 
stack. The TCP layer (gray dash-dotted line) is considered here. 
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Figure 3.13: 802.11 MAC layer based on the functional modules of the generic protocol stack. 
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3.6.2 Composition of Mode Specific Layers 
As introduced above the link layer functions are not limited in their appearance to the 
DLL. To illustrate the applicability of the modular approach based on the toolbox of 
protocol functions of Figure 3.10, a composition of three exemplary protocol layers, 
all differently localized in a protocol stack corresponding to the ISO/OSI reference 
model, is introduced in the following: (i) A UMTS RLC layer in Figure 3.11, (ii) a 
TCP, IP and UDP layer in Figure 3.12 and (iii) a IEEE 802.11 MAC layer in 
Figure 3.13. The consideration of Figure 3.12 is limited in the following to the TCP 
layer, marked through the gray dash-dotted rectangle. The medium access of the Dis-
tributed Coordination Function (DCF) of 802.11 may be regarded as a Stop-and-Wait 
ARQ, simply realized in the ARQ module by a Go-Back-N ARQ with a window 
length of 1. The performance of these three layers is evaluated in the subsequent sec-
tion by simulations and analysis. 

3.7 Evaluation and Validation of the Functional Modules 
The parameterizable modules are implemented in the Specification and Description 
Language (SDL), and evaluated with the help of a Modular Object-oriented Software 
and Environment for Protocol Simulation (MOSEPS) that provides basic traffic gen-
erators, a model of an erroneous transmission channel and statistical evaluation meth-
ods. See (Cassaigne, 2004) for a description of MOSEPS. This section introduces the 
modular approach to protocol functions in focusing on the segmentation in UMTS and 
the error correction through ARQ protocols in TCP and 802.11. The adequateness of 
the modules for being used in a multi-mode capable protocol stack is shown. The 
modules are parameterized corresponding to a specific protocol layer and their behav-
ior is compared to analytical models known from literature. 

3.7.1 UMTS Radio Link Control Layer 
In general, segmentation is needed in all cases where higher layer PDUs, referred to as 
SDUs, need to be separated into multiple PDUs to be further handled by lower layers. 
This restriction concerning the size of a PDU may result for instance from reasonable 
limitations of a PDU transmitted with error correction in an ARQ protocol. It may also 
be motivated through the capacity of a transport channel offered by the physical layer, 
using the notation of UMTS. 

In case of multiple users sharing a common channel, the segmentation can increase the 
channels efficiency in having a multiplexing gain. Concatenation increases thereby the 
channel utilization as outlined in Figure 3.14. The channel utilization as quotient of 
user payload and available channel capacity is given by  
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in the case of no concatenation. The packet size of the physical channel is assumed to 
be fixed and the packet length of the user data payloadl  determines if the segmented 
higher layer SDU(s) fit(s) into a single PDU. It is assumed that an additional physical 
channel is established if the user data requires it. Thus, additional channel capacity is 
provided and the available capacity is increased. In case of no concatenation the fixed-
sized packet is transmitted partly empty over the physical channel. Consequently, the 
channels’ overall utilization, i.e., the effectively used capacity compared to the amount 
of provided capacity, is decreased and follows a “zigzag” behavior when an additional 
physical channel is used as illustrated by the solid line in Figure 3.14.  

The introduced example of Figure 3.14 focuses on the segmentation aspects of the 
UMTS RLC in the Unacknowledged Mode (UM). The UM of the RLC has the respon-
sibility to concatenate SDUs to a PDU of a predefined length, here 128 Byte. The 
simulation results with and without concatenation are given by the markers. The pay-
load packet size, i.e., the user data, is increased up to 500 Byte and the channel utiliza-
tion as introduced above is evaluated. In applying the segmentation in a communica-
tion protocol the protocol overhead comes into play: Due to this overhead, more ca-
pacity than transmitted user data is required as observable in Figure 3.14 for 

384 Bytepayloadl =  in the case of no concatenation. The same stands for the usage of 
concatenation, as the observed channel utilization matches not the ideal one. The 
number of SDUs prepared for transmission in a single PDU is here limited so that for 
small payload values a PDU is not completely filled. In summary, the parameterizable 
segmentation/reassembly module adequately reflects the expected behavior and can be 
validly used in a multi-mode capable protocol stack. 
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Figure 3.14: Utilization of channels with a fixed packet size of 128 Byte. 
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3.7.2 Transmission Control Protocol Layer 
As introduced above in Figure 3.12, a TCP layer can be composed out of the func-
tional modules of the DLL as being part of the generic protocol stack. To validate the 
Go-Back-N mechanisms of the TCP layer’s ARQ module the protocol overhead in 
dependency on the payload packet size is studied by simulation in the case of errone-
ous transmissions. The focus is thereby on the influence of two effects: The bit error 
ratio ber of the radio channel, i.e., the wireless medium, and the size of the send and 
receive window w . 

With a packet length of packet header payloadl  = l +l  , where TCP has fixed header length 
of 40headerl Bytes= , can the packet error ratio per be calculated to  

81 1 packetlper = - ( - ber) ⋅ . 

Based hereon, the overhead to payload quotient for the Go-Back-N ARQ can be de-
rived and approximated (Berlemann et al., 2004d; Cassaigne, 2004) to 
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where w  is the length of the transmission window leading to the analytical results as 
depicted in Figure 3.15. This figure illustrates the overhead to payload ratio dependent 
on the frame length of the payload data in subfigure (a) for two ber of 10-5 and 10-6 
and in subfigure (b) for two window lengths of 8 and 64. The lines are analytic results 
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Figure 3.15: TCP layer Go-back-N ARQ validation and evaluation. The protocol overhead to 
payload ratio in dependency on the frame length of the payload data is depicted.  
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corresponding to Equation (3.2), while the markers indicate the simulation results. 
Figure 3.15(a) shows the expected performance corresponding to the Go-Back-N 
ARQ: The overhead to payload ratio increases with increasing bit error ratio and an 
optimal frame length for the payload data to minimize said ratio can be determined. 
From the cross protocol optimization perspective, this frame length may be used as 
dimensioning rule for segmentation. The same stands for Figure 3.15(b): There the 
overhead to payload ratio increases with increasing window length, as the amount of 
data which has to be retransmitted, in the case of an error corresponding to the Go-
Back-N ARQ, increases. The difference between analysis and simulation for large 
payload data frames in Figure 3.15 (a) and (b) is resulting from the send/receive buff-
ers’ control of the implemented TCP layers: Data packets in these buffers have to be 
discarded when an error is detected and are neglected in the analytical approximation 
of Equation (3.2). In summary, the ARQ module of the generic protocol stack fulfills 
adequately its intended purpose. 

3.7.3 IEEE 802.11 Medium Access Control Layer 
In this section the modular composition of an IEEE 802.11 MAC layer as illustrated in 
Figure 3.13 is validated and evaluated. Therefore, the average throughput of the 
CSMA/CA-based decentralized medium access by the DCF with and without 
RTS/CTS is analyzed and simulated. In 802.11, the channel capacity is mainly wasted 
by two effects: MAC header sending and collisions, as discussed below in Chapter 4. 
An analytical approximation of the 802.11 throughput in saturation can be realized 
through a two-dimensional Markov model representing the backoff stages and the 
contention window of the DCF (Bianchi, 1998a, 1998b, 2000) as summarized in Ap-
pendix B.1 and used in this section. 

A channel data rate of 1 Mbps is assumed. The slot length, Short InterFrame 
Space (SIFS) and Distributed Coordination Function IFS (DIFS) are 9, 16 and 34 µs, 
respectively, according to the 802.11a PHY and result into the analytical as well as 
simulation results of Figure 3.16. There, the overall system throughput, with and with-
out RTS/CTS, in dependency on the number of stations is depicted. The lines are ana-
lytic results corresponding to Equation (B.3), while the markers indicate the evaluation 
by simulations. For small packets, payloadL = 128 Bytes Figure 3.16 (a), the headers 
are the main cause for an inefficient use of the medium. For larger frames of 

payloadL = 4096 Bytes, see Figure 3.16 (b), a collision wastes substantial time, as a 
transmitting station is only able to notice an interfered frame after its ending. There-
fore, the RTS/CTS mechanism is applied, to have just a small RTS frame lost in case 
of a collision. The simulation agrees mainly with the analytically determined through-
put of Equation (B.3) and illustrates the superiority of the RTS/CTS-based solution. 
As the ARQ module of the generic protocol stack reflects the expected behavior of 
RTS/CTS mechanism (Bianchi, 1998a, 1998b, 2000; Hettich, 2001), this module can 
be legitimately used in an 802.11 MAC layer. 
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3.8 Conclusion 
The introduced multi-mode protocol reference model facilitates the structuring of an 
arbitrary layer into generic and specific parts. In providing guidance for understanding 
this structuring it marks up optimization potential in questioning the necessity of the 
indicated differences. In this way, an increased protocol convergence is reached ena-
bling an efficient multi-mode protocol stack for future wireless systems, for single hop 
and for relay-based wireless mobile broadband systems. 

The generic protocol stack enables protocol software for future multi-mode capable 
systems under the consideration of protocol reconfiguration. The generic protocol 
stack, as a collection of modular protocol functions, takes up the usual advance of 
software engineering in the field of protocol development and evaluation: It is fallen 
back on suitability-proven and known protocol functions and behavior from the portfo-
lio of the engineers’ experience. A generic realization of these functions in the form of 
independent modules results in a toolbox of protocol functions as construction kit for 
protocol development. Dimensioning rules for an adequate support of QoS in wireless 
communication from the perspective of the protocols can be derived. In taking the 
tradeoff of genericity into account, these thoughtful realized modules stimulate effi-
ciency through re-usability and maintainability as well as accelerate the development 
process itself. However, the consideration of common protocol functions and protocol 
convergence during the development of future protocols will increase by itself the 
grade of genericity and advantage of this approach. The efficiency of protocol recon-
figurability benefits from the introduced generic approach and implies a clearly identi-
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fied effort of additional protocol management. Thus, the introduced approach is an 
important step to an end-to-end reconfigurable wireless system. 

Today, third parties are able to reproduce devices in simply buying a device and ana-
lyzing it under the microscope without taking part at funding research and develop-
ment. SDR and cognitive radio may increase bearers in order to protect against such a 
reproduction. Communication software of devices can be encrypted while communica-
tion hardware is much easier copied. Flexibility in standardization is one way to pro-
hibit the dislocation of hardware production from countries where research is funded 
to low wage countries and to companies exploiting research efforts of others through 
reproduction. Intended flexibility in standardization, which is enabled by the intro-
duced multi-mode protocol reference model, may result into proprietary wireless 
communication systems. Manufacturers may then form interest groups taking part at 
research and development to enable interoperability of these proprietary systems. In 
this way, economic growth and employment can be stimulated in the countries where 
research is funded. 
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The Wireless Local Area Network (WLAN) protocol 802.11 of the Institute of Electri-
cal and Electronics Engineers, Inc. (IEEE) is a very popular standard for wireless 
communication. IEEE 802.11 is a radio standard designed for operation in unlicensed 
frequency bands at 2.4 and 5 GHz. It is a root standard for a multitude of supplements 
(amendments) that have been developed or are under development at the time of this 
thesis. This thesis concentrates on IEEE 802.11e (IEEE, 2005d) which is a protocol 
extension to 802.11 for providing the support of Quality-of-Service (QoS). 

A compilation of the base standard 802.11 and its amendments 802.11a, 802.11b and 
802.11d is given in the IEEE Wireless LAN Edition (IEEE, 2003). IEEE 802.11 is in 
detail described and analyzed in (Hettich, 2001; Walke, 2002) while 802.11e, in its 
version D4.0 from 2002, is explained and evaluated in (Mangold, 2003). The version 
D13.0 of the IEEE 802.11e amendment has been approved by the IEEE Standards 
Association in September 2005 and is the basis for this chapter. 

In this chapter the MAC enhancements of 802.11e in its final version are briefly de-
scribed in the Sections 4.1 to 4.3. The capability of supporting QoS in distributed 
environments with the means of 802.11e is examined through analytic approximation 
and simulations in Section 4.4 followed by a conclusion in Section 4.5 

4.1 System Architecture 
The QoS enhancements of 802.11e introduce new names for the elements of the IEEE 
802.11e network architecture. 802.11e stations are denoted as QoS supporting Sta-
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tion (QSTAs) which extend the functionality of legacy 802.11 stations (STAs) with 
the capability to support QoS. Improved legacy 802.11 Access Points (APs) that are 
able to support QoS corresponding to 802.11e are named QoS Access Points (QAPs). 
QSTAs associated to a QAP form a QoS supporting Basic Service Set (QBSS). A 
QSTA is also able to associate with a legacy AP. In the absence of a QAP, QSTAs are 
able to communicate directly in forming a QoS supporting Independent Basic Service 
Set (QIBSS) in which one QSTA inherits the role of the beacon holder. 

4.2 Reference Model 
Similar to other protocols of the IEEE, like for instance Ethernet (IEEE 802.3), is 
802.11 limited to the PHYsical layer (PHY) and Data Link Layer (DLL). The DLL is 
divided into Medium Access Control (MAC) and Logical Link Control (LLC) layer. 
The 802.11 protocol family defines different PHY transmission schemes and MAC 
layers, but no LLC functionality. The LLC is defined in IEEE 802.2 and is independ-
ent from the adjacent layers below.  In violation to the ISO/OSI reference model, func-
tions related to mobile wireless communication are therefore located in the MAC layer 
of 802.11 like for instance mobility or radio resource management. 

Figure 4.1 illustrates the 802.11 reference model in the context of the ISO/OSI refer-
ence model. The reception and transmission of data is provided by the Physical Me-
dium Dependent Sublayer (PMD) which defines the transmission schemes of the dif-
ferent PHYs. The Physical Layer Convergence Protocol (PLCP) is responsible for 
adapting the different PMDs to the common MAC. On the user plane, the MAC pro-
vides services to the LLC via the MAC Service Access Point (MAC-SAP).  
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Figure 4.1: IEEE 802.11 reference model of the protocol 
stack (Hiertz, 2002; Mangold, 2003). 
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The control plane consists of a MAC Layer Management Entity (MLME) and a PHY 
Layer Management Entity (PLME) which are responsible for the control of the respec-
tive sublayers on the user plane. The management plane is realized by a single Station 
Management Entity (SME). These layers are only limitedly specified in the standard, 
as they are not necessary to guarantee interoperability of different 802.11 commercial 
products. The decision-taking entity, in Chapter 10 referred to as spectrum navigator, 
that realizes the approaches to spectrum sharing developed in this thesis is located in 
the SME. 

4.3 Medium Access Control 
The main element of the enhancements of 802.11e is the introduction of a new central 
entity: The Hybrid Coordination Function (HCF). The HCF realizes a contention free, 
centrally controlled medium access denoted as HCF Controlled Channel Ac-
cess (HCCA) and a contention-based, distributed medium access, in 802.11e referred 
to as Enhanced Distributed Channel Access (EDCA). Therefore, the HCF is able to 
schedule in an 802.11e beacon interval that in the following is referred to as super-
frame a Contention Free Period (CFP) and a Contention Period (CP) as outlined be-
low.  

A time interval during which stations have the exclusive right to initiate transmissions 
is in 802.11e referred to as Transmission Opportunity (TXOP). TXOPs can either be 
allocated in the contention-based EDCA of the CP or are assigned by the HC in the 
CFP or CP. In the first case, the TXOP is also denoted as EDCA TXOP and in the 
latter case the TXOP is called a Controlled Access Phase (CAP). The CAP is protected 
by a timer referred to as Network Allocation Vector (NAV). It is used for virtual car-
rier sensing and reservation of the channel for the indicated time duration. TXOPs 
obtained by the EDCA have a limited duration named TXOPlimit. It is a QBSS-wide 
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Figure 4.2: Medium access control architecture of IEEE 802.11e. 
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parameter which is broadcasted by the HC as part of the information field of a beacon. 
The beacon is regularly transmitted by the HC at the beginning of each superframe. 
Legacy STAs ignore this new information field and consequently do not take this 
limitation into account. Thus, legacy STAs may have longer transmission durations. 

4.3.1 Architecture 
Figure 4.2 illustrates the main elements of the 802.11e MAC architecture. The legacy 
802.11 Distributed Coordination Function (DCF) is the basis for the contention-based 
access of the HCF and the legacy 802.11 Point Coordination Function (PCF). The 
PCF offers contention free services to legacy STAs and is used by the HCF for polling 
stations as discussed below. The HCCA introduces the possibility to guarantee QoS, 
while the EDCA is used for prioritized contention-based QoS support. Both HCCA as 
well as EDCA use the known 802.11 MAC frames of the DCF to transmit user data on 
the radio channel, namely the DATA/Acknowledge (ACK) frame exchange sequence 
with an optional preceding Request to Send (RTS) / Clear to Send (CTS) as illustrated 
in Figure 4.3.  

4.3.2 HCF Controlled Channel Access 
The HCCA enables the HC to access the radio resource during CFP and CP with high-
est priority, which will be described in this section. 

Medium access in 802.11 is based on a periodic superframe which is bordered through 
beacons at the Target Beacon Transmission Time (TBTT). The duration of a super-
frame (SFDUR), which is not part of the standard, typically has a value of 100 ms. An 
802.11e superframe, as depicted in Figure 4.3, consists out of a CP (the second part of 
the superframe) and an optional CFP (the first part of the superframe). The CFP is 
introduced by the HC with the functions of the PCF. The CFP follows directly after 
the beacon and is ended with a CF-End frame. The HC may assign whenever required 
TXOPs to itself or to associated QSTAs directly after detecting an idle channel for the 
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Figure 4.3: IEEE 802.11e superframe of a contention free period followed by a contention period.  
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duration of PIFS and without backoff. Again, such a TXOP assigned by the HC in the 
CFP or CP is referred to as CAP. The assignment of CAPs to QSTAs is known as 
polling and it is done with a so-called QoS CF-Poll frame. The QoS CF-Poll frame 
specifies the beginning and duration of a CAP. During CFP, 802.11e backoff entities 
do not attempt accessing the idle channel without being explicitly polled. There are 
two possibilities for a backoff entity to initiate transmission and to obtain a TXOP in 
the CP: Either following the EDCA rules, i.e., after AIFS[AC] plus a random backoff 
time of at least one slot, or after being polled from the HC with a QoS CF-Poll. In the 
CP, the HC has the highest access priority: It may initiate transmission after PIFS, 
while the waiting times of the DCF access and the EDCA are longer which will be 
introduced in the next section. A TXOP gained after contention is also depicted in 
Figure 4.3 at the end of the CP. 

4.3.3 Enhanced Distributed Channel Access 
The EDCA realizes the contention-based access of the HCF as illustrated in Figure 4.2. 
It is used to provide differentiated services. In order to support QoS, the EDCA intro-
duces four Access Categories (ACs). Each AC has a corresponding backoff entity as 
illustrated in Figure 4.4. The four backoff entities of an 802.11e station operate in 
parallel and realize the contention-based access corresponding to the respective AC. 
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Figure 4.4: The backoff entity of a legacy 802.11 STA compared to the four parallel back-
off entities of an 802.11e QSTA.  
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The four ACs of 802.11e, namely AC_BK (“background”), AC_BE (“best effort”), 
AC_VI (“video”) and AC_VO (“voice”), result from a mapping of the user priorities 
from Annex H.2 of IEEE 802.1D (IEEE, 1998), as defined in Table 4.1 from (IEEE, 
2005d). The prioritization between the four backoff entities is realized through differ-
ent AC-specific parameters in the following denoted as set of EDCA parameters. 
These EDCA parameter sets modify the backoff process with individual interframe 
spaces and contention window sizes per AC introducing a probability-based prioritiza-
tion as explained next. 

The EDCA parameters of each backoff entity are defined by the HC and may be 
adapted over time. Default values for the EDCA parameters are given in Table 4.2. 
Only a QAP may change these parameters according to the traffic within the QBSS. 
The EDCA parameters are broadcasted therefore via information fields in the beacon 
frames. Identical EDCA parameters must be used by all backoff entities with the same 
AC within a QBSS in order to enable this centrally controlled prioritization. In case of 
an IQBSS the beacon holder is responsible for defining the sets of EDCA parameters. 

Each backoff entity within a QSTA individually contends for obtaining a TXOP. 
When multiple backoff entities of a QSTA try a parallel access to the same slot an 
internal virtual collisions resolution is performed: The backoff entity with the highest 
AC transmits, while the other backoff entities act as if a collision occurred. Neverthe-
less, the transmission attempt of the highest AC may collide with frames from other 
stations. 

4.3.3.1 Arbitration Interframe Space 
A backoff entity starts decreasing its backoff counter after detecting that the channel is 
idle for an Arbitration Interframe Space (AIFS). The AIFS has at least a duration of 
DCF Interframe Space (DIFS) and depends on the corresponding AC as illustrated in 
the timing diagram depicted in Figure 4.5 of the four ACs of 802.11e. To express this 

Table 4.1: Mapping of user priorities (IEEE 802.1D) to access categories (IEEE 802.11e) from 
(IEEE, 2005d). 

Priority 802.1D  
User Priority 

802.11e  
Access Category (AC) Service Type 

1 AC_BK background 
2 AC_BK background 
0 AC_BE best effort 
3 AC_BE best effort 
4 AC_VI video 
5 AC_VI video 
6 AC_VO voice 

lowest 
 
 
 
 
 
 

highest 7 AC_VO voice 
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dependency, it is denoted therefore in the following as AIFS[ AC ] . The Short Inter-
frame Space (SIFS) is the shortest interframe space of 802.11. It is used between the 
frames of the RTS/CTS/DATA/ACK sequence. The PCF Interframe Space (PIFS) is 
used by the PCF to gain access to the radio channel. The Arbitration Interframe Space 
Number (AIFSN), defined per AC according to Table 4.2, enlarges AIFS[ AC ]  cor-
responding to 

AIFS[ AC ] SIFS AIFSN [ AC ] aSlotTime= + ⋅ . 

A small AIFSN [ AC ]  implies a high access priority. The earliest channel access time 
after an idle channel, i.e., the shortest value of AIFS[ AC _VO ] =DIFS is similar to 
the legacy DCF of 802.11 which would have an AIFSN of 2. Prioritization is reached 
in this case through different values of the contention window as described below. 

4.3.3.2 Contention Window Size 
The Contention Window (CW) of the backoff process is also used in 802.11e to intro-
duce priorities. Its minimum CWmin[ AC ] and maximum value CWmax[ AC ]  de-
pends on the AC as illustrated in Figure 4.5. In general, their value is limited to 
0 32767CWmin[ AC ] CWmax[ AC ]≤ ≤ ≤  and default values are given in Table 4.2. 
For the 802.11a PHY, as considered later in the evaluation of this chapter, the mini-
mum and maximum value is given by 15CWmin =  and 1023CWmax = . A small 
CWmin[ AC ]  leads to a high access priority. Nevertheless increases a small 
CWmin[ AC ]  the collision probability when multiple backoff entities of the same AC 
compete for channel access within a QBSS. In case of a failed frame transmission, the 
contention window increases up to a value of CWmax[ AC ] . A small CWmax[ AC ]  
results into a high priority for accessing the channel.  

The backoff procedure of an AC is invoked in case of a transmission failure or a vir-
tual collision due to an internal transmission attempt of multiple ACs. Similar to the 
legacy DCF, the 802.11e backoff entity selects a counter as random number with a 
uniform distribution drawn from the interval [ ]0 i,CW AC⎡ ⎤⎣ ⎦ . The size of the conten-
tion window iCW [ AC ]  in backoff stage i is defined thereby as 

 ( )2 1 1i
iCW [ AC ] min CWmin[ AC ] ,CWmax[ AC ]⎡ ⎤= + −⎣ ⎦ . (4.1) 

Table 4.2: Default values of EDCA parameters based on (IEEE, 2005d). The star indicates de-
pendency on the PHY, here 802.11b/802.11a are selected.  

AC CWmin CWmax AIFSN TXOPlimit* 
AC_BK CWmin* CWmax* 7 0/0 
AC_BE CWmin* CWmax* 3 0/0 
AC_VI (CWmin*+1)/2-1 CWmin* 2 6.016/3.008 ms 
AC_VO (CWmin*+1)/4-1 (CWmin*+1)/2-1 2 3.264/1.504 ms 
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The strict prioritization is lost when high priority backoff entities increase their con-
tention window after a collision while low priority backoff entities experience no col-
lisions. The relative difference between the contention windows of different ACs, 
necessary for prioritization, is lost in such a case. 

Legacy stations have 15CWmin = , 1023CWmax =  and an earliest channel access 
time of AIFS = DIFS =34 µs. An 802.11e QSTA has a higher priority than legacy 
STAs in setting its 15CWmin[ AC ] <  and 1023CWmax[ AC ] << , as compared for 
the different ACs in Table 4.3. 

4.3.3.3 Additional EDCA Parameters 
Every QSTA has a short retry counter and a long retry counter for each AC with initial 
values of zero, denoted as QSRC[AC] and QLRC[AC]. These two retry counters are 
used to differentiate between MAC frames of different lengths and default values for 
these counters are not given in the standard (IEEE, 2005d). The retry counters deter-
mine how often a frame is retransmitted after a collision until it is discarded. In the 
case of AC_VO and AC_VI small retry counters are required while AC_BE and 
AC_BK are less sensitive to many retransmissions. The retries of failed transmissions 
may lead to problematic situations, especially in the context of TCP retransmissions. 
As neither default values nor a capability for centralized management are defined in 
the standard, the prioritization through retry counters is not possible. 

Many additional parameters for increasing priority differentiation in the EDCA are 
discussed in (Mangold, 2003: 46-53) but have not been included in the standard of 
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Figure 4.5: EDCA timing diagram of the four backoff entities defined in 802.11e with dif-
ferent AIFSs and contention window sizes.  
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802.11e. The modification of the earliest channel access time of the EDCA and draw-
ing a random number from the interval [ ]1 1i,CW AC⎡ ⎤+⎣ ⎦  are an example for this. 
Additionally, AC dependent persistence factors and retry counters are suggested and 
analyzed.  

4.4 Evaluation of Distributed QoS Support in 802.11e 
The contention-based access of 802.11e’s EDCA is evaluated in this section with the 
help of an analytic Markov model of the backoff process. The model used in this thesis 
is based on the approximation analysis of the legacy 802.11 DCF from Bian-
chi (1998a; 1998b; 2000). Bianchi uses a two dimensional Markov model, as summa-
rized in Appendix B.1, to calculate the saturation throughput of contending legacy 
backoff entities. A simplification of this well-known model is done in (Bianchi and 
Tinnirello, 2005). Hettich (2001) extends Bianchi’s model for the analysis of the 
backoff delay of legacy 802.11 and the High Performance Local Area Network Type 2 
(H/2). A Z–transform based analysis of the service time in saturated 802.11 networks 
is performed in (Zanella and De Pellegrini, 2005) ending up in a linear evaluation of 
the service time distribution. 

The EDCA saturation throughput of competing backoff entities of different ACs is 
analyzed and discussed by Mangold (2003: 65-74). In addition, the achievable 
throughput per AC and the mutual influences of the ACs on each other are evaluated 
in terms of share of capacity per AC. Xiao (2004) also developed a model to analyze 
the prioritization through contention window size differentiation of the EDCA. The 
throughput and mean delay is evaluated by neglecting the different AIFS per AC and 
the virtual collision mechanism as originally specified in 802.11e. Robinson and 
Randhawa (2004) extended Bianchi’s model to analyze the saturation throughput per-
formance of the EDCA mechanism similar to Mangold (2003: 65-74) ending up in a 
complex, difficult to analyze model. A compact throughput and mean delay analysis of 
the EDCA in saturation under consideration of virtual collisions is given in (Tantra et 
al., 2005). The same analysis, but with a more complex model, is also done in (Tsai 
and Wu, 2005) in applying different multi-dimensional Markov models per ACs. 

In the following, the saturation throughput analysis of Mangold (2003: 65-74) is 
briefly summarized with a different set of EDCA parameters as summarized in 
Table 4.3. Here, the ACs “AC_VI” and “AC_BK” are evaluated and compared. The 
default EDCA parameters are defined in the 802.11e standard and are used by QSTAs 
if no QAP is present. Here, the analytic model of Mangold (2003: 65-74) is extended 
in a similar way as the extensions by Hettich (2001) to Bianchi’s model in the case of 
802.11. These extensions enable a saturation analysis of the mean service time and the 
service time distribution. 
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For saturation analysis it is assumed in the following that every contending backoff 
entity is saturated with traffic load, i.e., all entities have always MAC Service Data 
Units (MSDUs) to deliver and their queues are never empty. 

4.4.1 Saturation Throughput 
The following analysis of the EDCA’s throughput in saturation corresponds to the one 
of Mangold (2003: 65-74) besides a neglect of the persistence factor. Such an indi-
vidually per AC defined persistence factor is not part of the standard: In 802.11e, it has 
a fixed value of 2 for all ACs.  

In using the notation of Mangold (2003: 65-74) the size of the contention window 
[ ] [ ] [ ]0i iCW AC W AC , i ...m AC= = , as defined in Equation (4.1), can also be calcu-

lated with a recursion according to 

[ ] [ ] [ ] [ ]02 0 1min( i ,m AC )
iW AC W AC , i , ,...,m AC= ⋅ ∈ . 

The variable i defines the backoff stage, [ ] [ ]0 1W AC CWmin AC= +  the initial size of 
the contention window and [ ]m AC  the maximum value of the backoff stages given 
by 

[ ] [ ]
[ ]2

1
1

CWmax AC
m AC log

CWmin AC
+

=
+

. 

In legacy 802.11 with the PHY of 802.11a the initial contention window has a size of 
[ ]0 16W legacy = and the maximum backoff stage is defined as [ ] 6m legacy = . 

The rest of Bianchi’s saturation throughput analysis is summarized in Appendix B.1 
and ends with the following description for the saturation throughput 

 [ ]
[ ] [ ] [ ]( )

sat

success CCAbusy

success success CCAbusy coll coll CCAidle CCAidle

Thrp
P P FrameBodySize Mbyte s

MbyteP T s P P T s P T s

=

⋅ ⋅
⋅

⋅ + ⋅ + ⋅

. (4.2) 

Note that a generic slot in this thesis has a different meaning than a backoff slot, 
analogous to Mangold (2003: 65-74). A generic slot may be (i) an idle slot in the con-
tention phase, (ii) a busy slot during which a frame exchange is completed or (iii) a 
slot during which the transmission attempts of backoff entities collide. Therefore, a 
generic slot can be a backoff slot or a busy phase with a longer duration than the dura-
tion of a backoff slot. 

The throughput in saturation of multiple backoff entities which operate all according 
to the same AC can be analyzed with the approximation of Bianchi’s model under 
consideration of the modifications from above. 
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4.4.2 Saturation Mean Service Time 
In extending the analytic model of Mangold (2003: 65-74), the service times in satura-
tion can be determined in improving Hettich (2001: 113). In saturation, the mean ser-
vice time ServiceTimet  describes the time of an MSDU that is required for successfully 
transmitting an MSDU, i.e., the time between being first in the waiting queue and 
successful transmission. Consequently, the waiting time within the queue required to 
move to this first position is not considered. 

The mean service time ServiceTimet  can be calculated with the help of the mean number 
of time slots needed for successful transmission. Therefore, this mean number of time 
slots needed to reach backoff stage i is multiplied with their occurrence probability. 
The sum over all backoff stages is than multiplied with the mean time slot length slotT  
which is derived in Equation (B.4) from the Markov model. Thus, the mean service 
time ServiceTimet  is given by 

( )
[ ]( ) [ ]( ) [ ]( ) [ ] ( )1

0

0

2 1 0 2 1
1

2

ServiceTime slot

min i ,m AC m AC

i

i

t T

max i m AC , W AC i
p p

+
∞

=

= ⋅

− + − ⋅ ⋅ − +
− ⋅∑

.  (4.3) 

The parameter p, corresponding to Bianchi’s model, refers to the probability that a 
transmission attempt from a single backoff entity at a particular slot fails due to a col-
lision. 

4.4.3 Saturation Service Time Distribution 
The complementary Cumulative Distribution Function (CDF) of the service time can 
also be derived from the approximation of the backoff window process. Therefore, the 
probability P(T j )=  that a backoff entity waits j time slots before a successful trans-
mission can be calculated to 

 
[ ] [ ]0 0 0

11
2

ii
j ,i min( l ,m AC )i l

P(T j ) ( p ) p N
W AC

∞

= =

⎛ ⎞
⎜ ⎟= = − ⋅ ⋅ ⋅
⎜ ⎟⋅⎝ ⎠

∑ ∏ . (4.4) 

P(T j )=  is thereby a sum of conditioned probabilities, each given by the product of 
transition probabilities of spending time in i+1 backoff stages. Thereby, m determines 
again the number of backoff stages per AC. j ,iN  is the number of possibilities to wait 
the j time slots in states that are distributed in total over i+1 backoff stages. This is 
related to the different combinations of backoff decrements and collisions implying 
j time slots of waiting before successful initiating transmission.  

In general j ,iN  can be calculated with the following recursion: 
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[ ]
1

imin( j ,W AC )

j ,i j n,i
n

N N − −= ∑ , 

[ ]0
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1 0
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j W AC
N

else
⎧ < ≤

= ⎨
⎩

. 

The recursion reflects the dependency of the available number of time slots per back-
off stage on the contention window size. Otherwise, j ,iN  would have a binominal 
distribution (Hettich, 2001: 115). The integration of P(T j )=  over j leads to the CDF 
of the service time.  

4.4.4 QoS Evaluation 
This section evaluates the capability of the EDCA to support QoS in a distributed 
network architecture. The ACs of AC_BK and AC_VI are analyzed with EDCA pa-
rameter sets corresponding to Table 4.3, there highlighted gray. AC_BK has the same 
contention window size as a legacy backoff entity of 802.11, but a different AIFSN. 
The analytical results for the throughput, the mean service time and the service time 
distribution are obtained with Equations (4.2), (4.3) and (4.4) respectively. In each 
scenario, all backoff entities have the same AC and the dependency of the observed 
QoS on the number of contending backoff entities is analyzed. In the contention sce-
narios of Figure 4.6 and Figure 4.7 no backoff entity uses RTS/CTS, contrary to the 
scenarios evaluated in Figure 4.8 and Figure 4.9. The frame body size is fixed and has 
either a value of 48 Byte (the left subfigures) or 2304 Byte (the right subfigures). The 
simulation results are produced with a MatlabTM-based implementation of the EDCA‘s 
backoff procedure that is part of the spectrum sharing simulation tool YouShi2 intro-
duced in Appendix A. Saturation scenarios are simulated in which every backoff entity 
has always a packet in its transmission queue. Further, completely overlapping trans-
mission/reception ranges are assumed for all QSTAs. The results show the expected 
characteristic. 

The normalized saturation throughput decreases for an increasing number of contend-
ing backoff entities, besides one exception: In AC_BK, for a frame body size of 
48 Byte and without using RTS/CTS the throughput increases for a small number of 
backoff entities as observable in Figure 4.6(a). In general, the inefficiency of 802.11 

Table 4.3: Values of EDCA parameters with 802.11a based on (IEEE, 2004a).  

AC CWmin CWmax AIFSN AIFS RetryCnt 
legacy 15 1023 2 34 us N/A 

AC_BK 15 1023 7 79 us N/A 
AC_BE 15 1023 3 43 us N/A 
AC_VI 7 15 2 34 us N/A 
AC_VO 3 7 2 34 us N/A 
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for small frame body sizes due to the overhead of the MAC protocol is indicated when 
comparing the saturation throughputs of subfigures (a) and (b) in all contention scenar-
ios.  

The comparison of Figure 4.6 and Figure 4.8 shows the known advantage of using 
RTS/CTS in the case of large frame body sizes: The time wasted due to collisions is 
reduced, as only the RTS/CTS frame transmission fails and not the essentially longer 
DATA transmission. This results into to higher saturation throughputs and slightly 
reduced service times in the case of multiple backoff entities competing for access to 
the radio channel.  

The QoS capabilities of AC_VI can be observed in focusing on Figure 4.7 and 
Figure 4.9. The small contention window size leads for a high number of backoff enti-
ties to multiple collisions and the saturation throughput breaks in. The analytic ap-
proximation of the backoff process loses its accuracy for a large number of backoff 
entities when the size of the contention window is very small. In this case, the Markov 
characteristic of the stochastic process is lost: The states depend significantly on each 
other and are not independent anymore. This reasons the difference between simula-
tions and analysis for AC_VI when more than 20 backoff entities contend. Neverthe-
less, the analytic model is accurate for a small number of backoff entities and it intro-
duces always a conservative lower limit for the QoS that can be supported. The hori-
zontal lines of the analytic CDFs of Figure 4.7(e) and (f) and the missing upper bound 
for the analytic mean service time in Figure 4.7(c) and (d) are reasoned by the inaccu-
racy of the Markov model. The usage of RTS/CTS improves the QoS outcomes as 
observable in the contention scenario of Figure 4.9. 

The difference between AC_BK and AC_VI due to the different contention window 
sizes is indicated by a comparison of Figure 4.6 and Figure 4.7. For a small number of 
backoff entities, AC_VI observes service times shorter than the ones of AC_BK. For a 
large number of backoff entities the results are reversed because of multiple collisions 
in case of AC_VI coming from the small contention window size. This can be ob-
served when comparing for instance the subfigures (c) and (d) of Figure 4.6 and 
Figure 4.7. 

Although the number of backoff stages is limited through the maximum number of 
retries (RetryCnt), the analytic model is not capable to take this retry limit into ac-
count: An unlimited number of retries in backoff stage m is assumed as illustrated in 
the lower part of Figure B.1. The simulations of this section therefore neglect the limi-
tation of retries to allow a comparison to the analytic results. Especially the CDFs of 
the service time reflect the impact of this assumption. In case of a retry limit, the ob-
served service times would have a strict maximum value.  
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Besides the exceptions from above, the simulation results correspond to the outcomes 
from the analytic approximation through the Markov model. 

4.5 Conclusion  
The contention-based medium access of the 802.11e EDCA leads only to a limited 
capability to support QoS. The number of contending backoff entities determines es-
sentially the level of supported QoS and the differentiability of QoS. This result is 
independent from the AC of the considered backoff entities, whether all backoff enti-
ties have the equal or different ACs. Already the competition between multiple back-
off entities of the same AC results into unsatisfying QoS results. The contention be-
tween the ACs will lead to even worse QoS outcomes, although prioritization is suc-
cessful for a small number of competing backoff entities (Mangold, 2003: 74-101). 
The maximum number of competing backoff entities must be limited below ten, in 
order to enable distributed QoS support. 

Nevertheless, already in such a scenario of a few QSTAs contending for the radio 
resource it is inefficiently utilized due to the MAC protocol of 802.11(e). Additionally, 
the QoS support of the EDCA is probability driven and a QoS guarantee is impossible 
(Berlemann, 2002; Mangold, 2003). Therefore, this thesis concentrates on the coordi-
nation of spectrum sharing in order to avoid collisions. Especially the contention reso-
lution with the backoff procedure from 802.11(e) is in many competition scenarios 
disastrous for the capability to support QoS. 
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Figure 4.6: Observed saturation QoS of AC ”AC_BK” with EDCA parameters from Table 4.3. 
Without RTS/CTS, no WEP, no Address 4, modulation used in (e) and (f): 16QAM1/2. 
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Figure 4.7: Observed saturation QoS of AC ”AC_VI” with EDCA parameters from Table 4.3. 
Without RTS/CTS, no WEP, no Address 4, modulation used in (e) and (f): 16QAM1/2. 
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Figure 4.8: Observed saturation QoS of AC ”AC_BK” with EDCA parameters from Table 4.3. 
With RTS/CTS, no WEP, no Address 4, modulation used in (e) and (f): 16QAM1/2. 
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Figure 4.9: Observed saturation QoS of AC ”AC_VI” with EDCA parameters from Table 4.3. 
With RTS/CTS, no WEP, no Address 4, modulation used in (e) and (f): 16QAM1/2. 
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IEEE802.16 based Wireless Metropolitan Area Networks (WMANs) are a forthcoming 
competitor for conventional wired last mile access systems. 802.16 realizes a fixed 
point-to-multipoint wireless broadband access system. Especially in rural areas, where 
it is too expensive to deploy fixed networks due to marginal density of population, 
802.16 is a promising alternative. Various scenarios will arise, where 802.16 might 
have to share spectrum with already deployed and operating Wireless Local Area Net-
works (WLANs) of 802.11 like in office or residential deployment scenarios. The 
Unlicensed National Information Infrastructure (U-NII) frequency band at 5 GHz is 
one example for spectrum which might be shared between 802.16 and 802.11. Addi-
tionally, 802.16 will be deployed to provide a multi-hop, relay-based wireless back-
haul serving 802.11 WLAN hotspots. Multi-mode relays supporting the operation of 
an 802.16 mode and an 802.11 mode can take advantage from an interworking capa-
bility between both standards. The frame-based medium access of 802.16 requires 
rigorous protection against interference from WLANs in order to operate properly. 

Wireless networks are able to coexist (Mangold et al., 2001a), i.e., operate at the same 
time and location without harmful interference. Simple approaches to coexistence-
based spectrum sharing are introduced in Section 2.6. More complex strategies are 
required, when Quality-of-Service (QoS) support is demanded: Successful, determinis-
tic control of access to the radio resource is necessary for all coexisting wireless sys-
tems in order to support QoS. The capability to exchange information between spec-
trum sharing wireless systems enables an interworking but is not required for coexis-
tence. Distributed approaches without information exchange based on the observation 
of spectrum utilization are the main focus of this thesis and are analyzed in later chap-



5. Coexistence and Interworking of 802.11 and 802.16 90

ters. With interworking, wireless networks are able to coordinate spectrum usage 
among each other. In order to exchange information, the spectrum sharing wireless 
networks require a common frame structure allowing the full centralized control of 
medium access as discussed in this chapter. 

This chapter begins with a short overview on IEEE 802.16 based on (Hoymann, 2005) 
in Section 5.1,. An interworking concept for integrating the Medium Access Con-
trol (MAC) protocol of 802.11 into 802.16 is introduced in Section 5.3 based on 
(Berlemann et al., 2006a). One single communication device, capable of operating in a 
mode of both standards, realizes a centrally organized coordination and interworking 
between 802.16 and 802.11 when operating at the same frequency.  

5.1 Related Work 
The feasibility of operating networks of IEEE 802.11b and 802.16a in the same shared 
frequency band is evaluated in (Jing and Raychaudhuri, 2005). A Common Spectrum 
Coordination Channel (CSCC) as introduced in Section 2.7.1 is applied as protocol 
etiquette for exchanging control information on transmitter and receiver parameters in 
order to cooperatively adapt key parameters of the PHYsical layer (PHY). The CSCC 
is realized on the basis of 802.11b at an edge of the available frequency band and all 
802.16a/802.11b stations have to monitor this CSCC to coordinate their spectrum 
usage. Contrary, the proposed concept of this chapter requires no extensions to the 
stations in introducing an enhanced central coordinating instance that guarantees QoS. 
Additionally, the concept proposed here enables the coordination of ordinary 
802.16/.11(e) stations and allows the data transfer between these networks.  

5.2 IEEE 802.16 
IEEE 802.16 (IEEE, 2004b) is a radio standard for WMANs operating in the frequen-
cies between 2 and 11 GHz often referred to as Worldwide Interoperability for Micro-
wave Access (WiMAX). It specifies four different PHYs, while in this chapter just the 
Orthogonal Frequency Division Multiplex (OFDM) layer is considered. The OFDM 
mode is standardized in close collaboration with the European Telecommunications 
Standards Institute (ETSI) and their wireless metropolitan area network is referred to 
as High PERformance Metropolitan Area Network (HiperMAN). Korea is developing 
an individual wireless broadband technology based on 802.16 referred to as Wireless 
Broadband (WiBro). WiBro is operating at 2.3 GHz with a bandwidth of 10 MHz. 
Contrary to the extension 802.16e for the support of mobility, WiBro is targeting at 
speeds below 60 km/h. 

5.2.1 System Architecture 
IEEE 802.16 has a centralized architecture provided by a central Base Station (BS) 
with associated Subscriber Stations (SS). Typically, a BS is connected either directly 
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or via additional BSs to the core network. 802.16 offers therefore an optional mesh 
deployment that introduces multi-hop connections via relaying BSs. This flexible 
mesh deployment allows a direct communication between SSs similar to the direct link 
in the High Performance Local Area Network Type 2 (H/2) (Walke, 2002). Addition-
ally, the mesh mode offers an increased scalability of the infrastructure. With its cen-
trally controlled, frame based MAC approach 802.16 offers guaranteed multimedia 
QoS. 802.16 supports non line-of-sight operation and large coverage areas, which 
enables a rapidly deployable infrastructure. 

5.2.2 Reference Model 
The IEEE 802.16 standard comprises the MAC and the PHY layer as depicted in 
Figure 5.1. While data and control plane are covered by the standard, the management 
plane remains unspecified. The MAC includes a service specific convergence sublayer 
that interfaces higher layers. The MAC common part sublayer provides the key func-
tions and the security sublayer is located below. This includes the classification of 
Service Data Units (SDU) and assigning them to service flows identified through 
Connection IDentifiers (CIDs). A service flow, as a unidirectional flow of packets, is 
characterized through a particular QoS capability. The Service Specific Convergence 
Sublayer (CS) is responsible for transforming and mapping of data, received through 
the CS Service Access Point (SAP).  

5.2.3 Medium Access Control 
The MAC Common Part Sublayer (CPS) provides system access, bandwidth allocation, 
connection establishment, and connection maintenance. Data received from various 
CSs is assigned to particular CIDs. QoS constrains are taken into account when sched-
uling data and transmitting it over the PHY layer. 
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Figure 5.1: IEEE 802.16 reference model of the protocol stack (IEEE, 2004b). 
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The MAC frame structure of IEEE 802.16 allows a variable frame duration of 2.5 to 
20 ms. The frame structure of the OFDM PHY layer operating in Time Division Du-
plex (TDD) mode is illustrated in Figure 5.2. Each frame consists of a Downlink (DL) 
subframe always followed by an Uplink (UL) subframe. The DL subframe starts with 
a long preamble used for synchronization followed by the Frame Control 
Header (FCH) containing the DL Frame Prefix (DLFP). The DLFP specifies location, 
modulation and coding scheme (PHY mode) of up to four DL-bursts after the FCH. 
The FCH is always transmitted with the most robust Modulation and Coding Scheme 
(MCS) of BPSK½. The DL subframe consists of one or multiple DL bursts containing 
MAC Packet Data Units (PDUs) scheduled for DL transmission.  

The UL subframe starts with contention intervals scheduled for initial ranging and 
bandwidth request purposes. Thereafter, one or multiple UL-bursts follow, each 
transmitted from a different SS. The initial ranging slots are used by SSs for initial 
entry to the system by requesting basic management CIDs, adjusting the power level 
and frequency offsets and correcting the timing offset. The SSs demand for bandwidth 
in transmitting a bandwidth request header in the bandwidth request slots. An UL-
burst is initiated with a short preamble and contains one or several MAC PDUs. An 
optional midamble, periodically included in the UL-burst, may be used for better syn-
chronization and channel estimation. DL and UL subframe are separated by the Re-
ceive/transmit Transition Gap (RTG) and the Transmit/receive Transition Gap (TTG) 
respectively. 

The internal structure of the MAC frame is specified with the help of MAC manage-
ment messages as illustrated in Figure 5.3. The arrows indicate the time references of 
the messages to the corresponding elements of the MAC frame. The DLFP is used for 
the specification of up to four DL bursts based on Information Elements (IEs). An 
additional DL-MAP transmitted at the start of the first DL-burst specifies additional 
DL-bursts if necessary. The DLFP IE contains the length and the PHY mode of the 
corresponding DL burst. DL-burst #1 contains the broadcast MAC control messages, 
i.e., DL and UL channel descriptor defining the characteristic of the physical channels, 
as well as the UL- and DL-MAP. DL-MAP defines access to the DL subframe and the 

Pre-
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Figure 5.2: IEEE 802.16 MAC frame in TDD mode (Hoymann, 2005). 
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UL-MAP assigns access to the UL subframe. Thus, the whole MAC frame is specified 
by the MAC messages included in the FCH and the DL-burst #1. 

An (optional) extension of the DL-MAP IE with the duration of a burst enables the BS 
to flexibly arrange concurrent DL bursts. The knowledge of start time and the duration 
overcomes the restriction of the sequential nature of bursts. A Space Division Multiple 
Access (SDMA) operation of IEEE 802.16 benefits from this (Hoymann et al., 2003). 
The interworking concept introduced in the next section uses this capability to inte-
grate 802.11 data transmissions into the UL/DL subframe.  

For a detailed evaluation of the downlink and uplink delay as well as the throughput of 
IEEE 802.16 with the help of a stochastic event-driven computer simulator see 
(Hoymann and Forkel, 2004; Hoymann, 2005). 

5.3 Interworking Control of 802.16 and 802.11 
The integration of 802.11 into 802.16 is described in this section aiming at the realiza-
tion of an interworking between these two standards. A common, single framework is 
introduced, that allows the operation of 802.11 and 802.16 at the same frequency. This 
concept is based on the idea of a Central Controller Hybrid Coordinator (CCHC) 
developed in (Mangold et al., 2001b; Mangold, 2003): The CCHC combines the High 
PERformance Local Area Network 2 (H/2) Central Controller (CC) with the Hybrid 
Coordinator (HC) of 802.11a/e to realize an interworking of 802.11a/e and H/2. There, 
the H/2 MAC frames of 2 ms are scheduled as Controlled Access Phases (CAPs) 
within the 802.11e superframe. This CCHC concept is taken up by Wijaya (2004; 
2005) in introducing a Wireless Router (WR) for multi-hop operation. Besides the 
operation of two networks of different standards, the WR concept can also operate 
multiple networks of the same standard in a multi-hop scenario. 
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Figure 5.3: IEEE 802.16 references of MAC management messages for composition of the MAC 
frame (Hoymann, 2005). 
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The protocols of 802.16 and 802.11 have fundamental differences in their MAC lay-
ers: While 802.16 has a frame-based, centrally coordinated MAC protocol, 802.11 
allows distributed control and a contention-based medium access. In addition, 802.11 
also realizes the contention free, centrally controlled access to the channel. 802.16 and 
802.11 have a similar OFDM-based transmission scheme and channelization which 
facilitates their interworking. 

In taking the requirements of 802.16 into account, the concept described in the follow-
ing realizes a centrally coordinating device. The integration of 802.16 and 802.11 
implies the interworking between similar and different types of devices in a common 
protocol. The central coordinating device combines the central BS of 802.16 with the 
HC of 802.11e and is thus referred to as Base Station Hybrid Coordinator (BSHC). 
The BSHC is capable to operate in both, an 802.16 and an 802.11 mode. The inter-
working is based on an integration of 802.11 transmission sequences into the MAC 
frame structure of 802.16. Additionally, an optional period for contention-based access 
may be placed between two consecutive 802.16 MAC frames. The BSHC comprises 
an 802.16 as well as an 802.11 physical layer. From the perspective of an 802.16 SS, 
the BSHC is a normal BS, while 802.11 Stations (STAs) regard the same BSHC as an 
ordinary HC. 

5.3.1 Scenario 
The interworking scenario considered in this section is illustrated in Figure 5.4. One 
BSHC and controlled stations of the 802.16 and 802.11 networks are depicted. The 
BSHC is connected for broadband access via a multi-hop, relaying link to an ordinary 
802.16 BS. Allocated time intervals are referred to as resource allocations. A resource 
allocation is regarded by the 802.16 SSs as DL/UL burst and by the 802.11 stations as 
Transmission Opportunity (TXOP) corresponding to the 802.11e protocol.  

In the interworking scenario of Figure 5.4, the BSHC provides broadband access to 
both 802.16 and 802.11 stations. Additionally, communication among the stations of 
the different standards is enabled via the BSHC device. In case of a communication 
between an 802.11 and 802.16 station, the BSHC receives the data within a TXOP 
from the 802.11 station and forwards it in the following 802.16 MAC frame to the 
802.16 station and vice versa. The protocol stack of the BSHC combines the different 
MAC protocols of 802.16 and 802.11. It is illustrated in the right upper corner of 
Figure 5.4. This multi-mode protocol stack is a simple example for applying the multi-
mode protocol reference architecture introduced in Chapter 3. The 802.16/802.11 
specific MAC layers have similar OFDM-based PHYs. These PHYs are not able to 
decode the radio transmission of each other but can be realized out of common func-
tional modules, parameterized differently according to the respective standard. The 
protocol stack is managed by a central management entity, controlling the alternating 
operation of an 802.16 and an 802.11 mode existing in parallel in the BSHC.  
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5.3.2 Medium Access Control  
In order to coordinate the networks of 802.16 and 802.11, the BSHC operates at one 
single frequency and has control over all 802.16 SSs and 802.11 STAs. The full con-
trol of the BSHC over the channel is required to support QoS. This control is guaran-
teed in frequently assigning radio resources with predefined durations to the SSs and 
STAs. Comparable to the polling of stations in 802.11e, the STAs/SSs decide on their 
own which data to transmit, when they get a resource allocation period assigned from 
the BSHC. 

The proposed MAC frame structure of the BSHC is depicted in Figure 5.5 and 
Figure 5.6. The transmissions related to 802.16 are filled white, while the 802.11 
transmissions are marked gray. The transmissions of the BSHC are depicted above the 
time line. The stations’ transmissions are below the time line.  

5.3.2.1 Contention Free Access 
From the perspective of the 802.16 SSs, an 802.16 MAC frame is transmitted periodi-
cally with a certain period of time between two consecutive MAC frames, not avail-
able for utilization by 802.16. The 802.16 MAC frame is initiated with a pream-
ble/FCH and ended through RTG. An 802.16 MAC frame may not be interfered nor 
delayed. Contrary to 802.11, the MAC protocol of 802.16 offers no mechanisms to 
deal with such delays. The MAC-frame is protected therefore in the BSHC concept 
against interference from 802.11 STAs in declaring it to a Contention Free Pe-
riod (CFP): The CFP starts with the beacon transmission and ends with a CF-End in 
surrounding the 802.16 MAC frame, as illustrated in Figure 5.5.  

 
Figure 5.4: Interworking scenario: 802.16 subscriber stations and 802.11 stations are coordinated 
through a single BSHC supporting both modes of operation. All stations are in the range of the 
BSHC and the BSHC has control over all stations. 
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The 802.11 STAs see a superframe bordered through beacons at the Target Beacon 
Transmission Time (TBTT), consisting of the CFP and an optional Contention Pe-
riod (CP). Information elements in the beacon announce the superframe duration and 
whether the CFP starts directly after the beacon. Only pollable 802.11(e) (Q)STAs can 
communicate during the CFP. Further, the Transmission Opportunity Limit (TXOP-
limit) and additional Enhanced Distributed Coordination Function (EDCA) parame-
ters are broadcasted by the BSHC via the beacon to control the EDCA’s contention-
based access. The preamble and FCH are used analogously for 802.16.  

The 802.11 part of the interworking concept is based on the HCCA. The BSHC may 
schedule 802.11e transmissions in the DL/UL in using a DL/UL-burst of the 802.16 
DL/UL-subframe. The BSHC may schedule TXOPs in polling associated QSTAs for 
UL data transmission or may immediately initiate own DL transmissions. This is illus-
trated in Figure 5.5 for the DL-burst #2 which is replaced here through an 802.11e DL 
transmission by the BSHC protected through RTS/CTS. In order to define the DL-
burst adequately when composing the 802.16 subframe in the preceding FCH, it is 
necessary to determine how long the RTS/CTS/data/ACK sequence will take. The 
802.16 SSs will fail to decode the 802.11 data transmission. In addressing the DL-
burst of 802.11 not to the associated 802.16 SSs, these SSs do not try to encode this 
burst and a misinterpretation is prevented. 

The duration of a polled 802.11e TXOP for UL data transmission has to be controlled 
by the BSHC. A TXOP has a predefined duration and is referred to as CAPs corre-
sponding to the 802.11e access within the CFP. The duration of the CAP is limited 
through the 802.16 burst duration which is nevertheless under the control of the BSHC. 
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Figure 5.5: The structure of the BSHC superframe. One 802.11 superframe consists of a contention 
free period (here) and contention period (Figure 5.6). The contention free period is regarded by 
802.16 as MAC frame. 802.11e TXOPs are scheduled in the DL and UL bursts of 802.16. 
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The CAP is polled by the BSHC through QoS CF-Poll and it is not limited through the 
TXOPlimit: The QoS CF-Poll allows setting an individual maximum transmission size.  

The polling of 802.11 STAs with the help of QoS CF-Poll is illustrated in Figure 5.5: 
The UL-burst #2 is replaced with an 802.11 frame transmission sequence of QoS 
CF-Poll/RTS/CTS/data/ACK. Such a data transmission on the UL is regarded by the 
802.16 SSs as an UL-burst. Within the CAP the polled 802.11 STAs decide them-
selves which data to transmit. A RTG is required in case the BSHC switches between 
reception and transmission. This also refers to the reception of 802.16 UL-bursts and 
the transmission of QoS CF-Poll of 802.11e, as also depicted in Figure 5.5. 

The 802.16 UL/DL bursts may be used in the opposite direction for 802.11 data 
transmission (for instance a polled UL transmission in the DL burst) in order to meet 
restrictive QoS requirements of applications supported by 802.11. The RTGs and 
TTGs required for switch between reception and transmission when changing the 
operation between 802.11 and 802.16 and the other way around are not shown in 
Figure 5.5. 

5.3.2.2 Limited Contention-based Access 
The CP depicted in Figure 5.6 continues the superframe started in Figure 5.5 with the 
CFP. After the CF-End frame, the CP begins. The CP is designated for access of 
802.11. The main problem with the contention-based access is in this context that the 
802.16 transmissions may not be delayed. The BSHC therefore has to guarantee, that 
no 802.11 transmission is ongoing, when an 802.16 transmission is intended to be 
transmitted. Such a protection is enabled with the means of 802.11e but is almost im-
possible within 802.11.  
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Figure 5.6: The structure of the BSHC superframe. One 802.11 superframe consists of a contention 
free period (Figure 5.5) and contention period (here). The 802.16 is protected against potential in-
terference and delay from contention-based access. 
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The BSHC schedules in advance the time instances where 802.16 MAC frames require 
access to the wireless medium. In order to protect the timely transmission of the 
802.11 beacon and 802.16 preamble/FCH broadcasts the BSHC has to allocate the 
channel when a CP transmission has ended and the next 802.16 allocation is closer 
than the maximum possible size of an 802.11 legacy transmission. This maximum size 
can lead to continuous transmissions up to 2 ms. Contrary, the 802.11e STAs respect 
the TBTT and stop TXOP independent from the intended transmission duration. This 
usage of QoS CF-Poll is depicted at the end of the CP in Figure 5.6. A QoS CF-Poll 
can be used by the BSHC to allocate TXOPs within the CP with high priority (after 
PIFS idle time). The BSHC can initiate in this way in the CP a frame exchange di-
rectly after PIFS with or without RTS/CTS. The STAs may gain control of the channel 
after contention corresponding to the EDCA and are allowed to transmit with a maxi-
mum duration of TXOPlimit. 

Alternatively, analogous to the CCHC concept of (Mangold, 2003), QoS CF-Poll 
transmitted to the BSHC itself can be used to transmit 802.16 MAC frames within the 
CP in a protected way.  

The inefficiency resulting from the 802.11 MAC protocol and the efforts to protect the 
exact timing of the 802.16 MAC frames, questions the introduction of the CP. The CP 
is therefore regarded as optional and may be used depending on the application sce-
nario. Parameters like the network load of 802.11 and 802.16 or the QoS requirements 
of carried applications help to decide about the usage of the CP and its duration. 

5.3.3 BSHC and Legacy 802.11  
The mechanisms of 802.11e for the support of QoS are more adequate for an inter-
working with 802.16 than the ones of 802.11, as the contention-based access needs a 
well-defined limitation as discussed above. Therefore, the BSHC concept allows the 
operation of the contention-based medium access as long as the 802.11 stations use the 
EDCA and not the DCF. The EDCA limits the duration of an allocation and thus can 
easily be coordinated by the BSHC. Legacy 802.11 stations would violate the TXOP-
limit leading to fatal interference of the 802.16 MAC frames. 802.11 STAs respect the 
CFP corresponding to the legacy Point Coordination Function (PCF). Nevertheless 
they do not respect the TBTT as today’s devices cannot be polled. 

Mangold (2003) suggests therefore not to allow legacy 802.11 stations to associate 
with the BSHC. Furthermore, an exploitation of the Extended Interframe Space (EIFS) 
is proposed that is originally designated for operation under hidden station interference. 
It allows the BSHC to force legacy 802.11 STAs to defer from medium access for a 
long time with the duration of EIFS. This mechanism is originally designed for reduc-
ing the interference from hidden stations: When a STA detects a preamble but is not 
able to receive the complete frame it assumes a hidden station scenario and defers 
from medium access for EIFS. An incorrect Frame Check Sequence (FCS), as part of 
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every 802.11 transmission, indicates an unsuccessful reception. The BHSC can take 
advantage of this in using identical preambles and headers but different FCSs or PHY 
modes for the rest of the frame. Legacy STAs that detect such frames from the BSHC 
will operate with EIFS instead of DIFS. The frequent transmission of preambles and 
PLCP headers during EIFS duration manipulates the backoff mechanism in resetting 
the timer in the legacy STAs back to EIFS. 

5.4 Conclusion and Outlook  
The introduced BSHC concept allows an interworking between 802.11 and 802.16 
when this wireless networks operate at the same frequency. It solves the coexistence 
problem of 802.16 and 802.11. The BSHC enables the time sharing of one frequency 
by two or more different wireless networks. Especially relay-based deployments of 
802.16 as wireless backhaul and 802.11 for providing wireless access to the consumer 
benefit from the BSHC. The proposed interworking concept requires full control over 
the radio resource. This control includes besides all associated stations of 
802.11/802.16 also all co-located 802.11 and 802.16 wireless networks.  

Initial evaluation results of the discussed BSHC concept can be found in (Berlemann 
et al., 2006a). 

It has been shown that enabling interworking deeply impacts the MAC protocols of all 
spectrum sharing wireless networks. Restrictions and requirements of each protocol 
have to be combined to enable QoS support under coexistence. The adherence of a 
common frame structure can be regarded as extreme cooperation.  

Distributed approaches to the QoS support in spectrum sharing scenarios are the main 
focus of this thesis. The following chapters offer candidate approaches for distributed 
coordination based on observing spectrum utilization without changes necessarily 
common to all spectrum sharing wireless systems. 
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Today’s framework for radio spectrum regulation and spectrum usage is undergoing 
fundamental changes. In the face of scarce radio resources, regulators, industry, and 
the research community are initiating promising approaches towards a more flexible 
spectrum usage, as for example cognitive radios for dynamic spectrum assignment. In 
this chapter, medium access control protocols for cognitive radios that operate in parts 
of the spectrum originally licensed to other radio services are discussed. They identify 
free spectrum, coordinate its usage and release it again when this is required by the 
licensed radio systems. The application of “waterfilling,” a known principle in infor-
mation theory, in the time domain is in this thesis referred to as Spectrum Load 
Smoothing (SLS). It’s realization in cognitive radio networks that are based on 
IEEE 802.11e is examined in this chapter. The objective of SLS is to enable the dis-
tributed Quality-of-Service (QoS) support in shared spectrum in an intelligent, cogni-
tive, way. The ability of the SLS to support QoS in the presence of other, competing 
cognitive radios and the prevention of harmful interference to licensed radio systems is 
evaluated. 

This chapter discusses in Section 6.2 the principle of SLS as Medium Access Con-
trol (MAC)-based approach to cognitive radios at two examples: The SLS is applied 
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(i) for the distributed coordination of reservations and (ii) for the coordination of ac-
cess to shared spectrum by multiple cognitive radios. The rationale and the basic algo-
rithm of SLS in the time domain are discussed in Section 6.3, at the example of a sin-
gle frequency channel. SLS can be generalized towards multiple frequency channels. 
An initial introduction through simulations and a convergence analysis of the SLS 
algorithm is given in Section 6.4. A time frame-based interaction model for the evalua-
tion of spectrum sharing scenarios is introduced in Section 6.5. QoS support in 
IEEE 802.11e and its limitations in coexistence scenarios are outlined in Section 6.6. 
The distributed coordination of reservations in a Wireless Personal Area Networks 
(WPAN) scenario based on a MAC proposal of the WiMedia Alliance (WiMedia, 
2005) is evaluated in Section 6.7 in modifying the IEEE 802.11e Hybrid Coordinator 
Controlled Access (HCCA). The application of SLS for coordinating reservations 
when re-using TV-bands under consideration of an incumbent radio system is de-
scribed in Section 6.8. Section 6.9 describes the modification of the Enhanced Distrib-
uted Controlled Access (EDCA) of IEEE 802.11e through the SLS for enabling coor-
dination in opportunistic spectrum access. The interaction of radios using SLS, their 
interference to a primary radio system and the time to reach a mutually agreed distri-
bution of allocations is evaluated. The SLS’s ability to enable in these three scenarios 
QoS support is evaluated in Section 6.10. The limitations of applying SLS for distrib-
uted QoS support are analyzed in Section 6.11 followed by an outlook and conclusion 
in Section 6.12. 

6.1 Related Work 
This chapter is based on several publications: The rationale and algorithm of SLS is 
introduced in (Berlemann and Walke, 2005). SLS with reservation is examined in 
(Berlemann et al., 2005a) at the example of WiMedia WPANs autonomously coordi-
nating their resource reservations. The SLS without reservations and its application in 
EDCA spectrum sharing scenarios is introduced in (Berlemann et al., 2005i). In addi-
tion, this chapter introduces the application of SLS for the re-use of TV frequency 
bands (Berlemann et al., 2006b). A machine-understandable specification of the SLS 
as a policy in the DARPA XG Policy Language (DARPA, 2004a) in the context of 
policy adaptive cognitive radios is given in (Berlemann and Mangold, 2005; Berle-
mann et al., 2005c) and Section 10.4. 

The idea of SLS is derived from the principle of waterfilling from the field of multi-
user information theory and communications engineering: In a multiple transmitter 
and receiver environment, waterfilling is used to solve a mutual information maximi-
zation problem based on the singular-value decomposition of a channel matrix 
(Kasturia et al., 1990). Through the application of a multi-carrier modulation, the 
transmission power can be adapted to the transfer function of the radio channel (Cover 
and Thomas, 1991; Gallager, 1968). This view is extended by iterative waterfilling in 
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the context of multiple access channels as analyzed in detail in (Popescu, 2002; Pope-
scu and Rose, 2004; Yu, 2002; Yu et al., 2004). In the context of cognitive radios, the 
iterative waterfilling is also identified by Haykin (2005) as an alternative to a game 
theoretic interaction in a distributed transmit power control problem. This chapter 
considers the transfer of the waterfilling from its application in information theory to 
the SLS as part of the medium access of spectrum sharing cognitive radios in the time 
and frequency domain. 

Krämling (2003) and Rapp (2002) have specified methods similar to the SLS for coor-
dinating shared spectrum usage on the basis of observing past MAC frames in High 
PERformance Local Area Network 2 (H/2). Time Division Multiplex (TDM) channels 
that are formed by repeated TDM intervals over multiple MAC frames are analyzed by 
Krämling (2003) for the channel assignment in H/2. The placement of silent (idle) 
periods within a H/2 MAC frame and its influence on the overall system performance 
is evaluated in Rapp (2002).  

6.2 Enabling Cognitive Radios 
SLS realizes the secondary usage of spectrum: Vertical spectrum sharing is enabled in 
avoiding harmful interference to primary radio systems. Additionally, the usage of 
shared spectrum is coordinated in a decentralized way, by taking individual QoS re-
quirements into account. The SLS aims at an improved efficiency of spectrum usage 
and at the support of QoS in distributed environments. The core idea of SLS is to allo-
cate spectrum with deterministic and predictable patterns, for example with medium 
access intervals that are periodically distributed in time and are identified as adequate 
for the shared radio spectrum. The predictability of devices’ allocations facilitates the 
mutual coordination of spectrum usage among different cognitive radios, even in sce-
narios where dissimilar radios cannot communicate with each other, but can detect 
interference from each other.  

Figure 6.1 illustrates a potential outcome from SLS in a Time Division Multiple Ac-
cess (TDMA) / Frequency Division Multiple Access (FDMA) system. The spectrum is 
divided into different time slots on the x-axis, different frequency is on the y-axis and 
the relative fraction of an allocation at the total length of a time slot on the z-axis. The 
dark gray resource allocations result from SLS of one or multiple cognitive radios 
while the other allocations are not considered for SLS, as they are fixed. These fixed 
light gray allocations result from QoS restrictions or belong to an incumbent commu-
nication system. The level of the smoothed allocations is in the following referred to as 
“load level” and the allocations or empty slots, where the SLS is based on, is called 
“ground”. The SLS consequences, under the restrictions of the devices’ QoS require-
ments, equally distributed free quantities of the transmission medium. 
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6.2.1 Frame-based Interaction 
Spectrum sharing cognitive radios require a common temporal basis in order to realize 
interaction. The point of time at which a cognitive radio acts in adapting transmission 
parameters has to be observable by all other spectrum sharing cognitive radios to en-
able a reaction on this action. All approaches discussed in this thesis have therefore a 
commonality: The cognitive radios are synchronized in the sense that they interact on 
a common temporal basis. Here, the time between two consecutive beacons broad-
casted by the same (cognitive) radio establishes a time frame that provides an observ-
able basis for interaction. In the application scenarios of this thesis, the time frame is 
introduced by the beacon interval, i.e., superframe, of IEEE 802.11e. The approaches 
presented in this thesis further assume, but do not require, a simultaneous decision 
taking at the beginning/end of each frame.  

6.2.2 Predictable Allocations as Contribution to Cooperation 
Predictable allocations of a medium by a device enable an aimed interaction with other 
devices and can be regarded therefore as a contribution to cooperation (Berlemann, 
2002; Mangold, 2003), especially in the absence of a central coordinating instance. 
Periodic resource allocations, i.e., deterministic and cyclic allocation patterns, of a 
device can be observed and predicted by all other spectrum sharing devices. These 
other devices may adapt their own resource allocations with the aim of partially or 
completely preventing mutual interference on the shared medium. This can be consid-
ered as a contribution to cooperation. The periodicity increases the possibility for other 
devices to conclude from the observed, delayed or after collisions repeated resource 
allocations, on the originally demanded allocations of a device. These allocations cor-

 
Figure 6.1: Spectrum Load Smoothing in the time and frequency domain of a 
TDMA/FDMA system. See also Figure 6.2 for an illustration of the SLS principle. 
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respond to the individual traffic demands and QoS requirements. The periodicity can 
be used as basis for introducing priorities as suggested by Walke (1978), there referred 
to as Rate Monotonic Priority Assignment (RMPA). 

A further reduction of the period length, resulting from an increased number of equally 
distributed resource allocations per frame, whilst the relative proportion of the re-
source allocations by devices per frame remains constant, may also be considered as a 
contribution to cooperation (Berlemann, 2002; Mangold, 2003). The aforementioned 
cooperation characteristics imply:  

• Interference reduction and avoidance. 

• An increased chance for other devices to reduce the delays experienced for 
their data packets.  

• A reduced blocking probability and access time for new devices initially ac-
cessing the medium. 

Periodic resource allocations may preferably be performed during unused intervals of 
the frame to reduce the devices’ mutual interferences. Corresponding to the above 
introduced aspects of cooperation, a cooperating device may improve its capability to 
support QoS, if all other devices are cooperating as well. The definition of cooperation 
in the context of the game theory based approach in Section 8.1.2.5, p. 152, takes these 
fundamentals into account. 

6.2.3 Distributed Coordination of Reservations 
Terrestrial TV broadcast transmission is currently being switched from analogue to 
digital. The digitalization improves the utilization of spectrum, resulting in a reduction 
of the required spectrum as soon as the analogue channels will have been switched off 
(under the assumption that the number and quality of TV channels remains un-
changed). It is therefore envisioned to allow an unlicensed re-use of the entire TV 
broadcast band for cognitive radios that scan all TV channels throughout the band and 
operate only upon identification of spectrum opportunities, as introduced in Sec-
tion 2.5.2. The working group 802.22 of the IEEE follows this idea and is working 
towards the standardization of the unlicensed secondary access to TV bands as out-
lined in Section 2.8.2 and illustrated in Figure 2.9, p. 30. Two adjacent TV broadcast 
sites and two independent pairs of communication cognitive radio devices are shown. 
The cognitive radios identify locally under-utilized spectrum, here unused TV chan-
nels, as spectrum opportunities.  

One widely used approach of spectrum sharing is the usage of a Common Spectrum 
Coordination Channel (CSCC) which is outlined in Section 2.7.1. The basic idea of 
CSCC is to standardize a simple common protocol for periodically signaling radio and 
service parameters (Raychaudhuri and Jing, 2003). The DARPA XG Program 
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(DARPA, 2004b) suggests a dedicated control channel located in licensed spectrum 
for coordination of sharing the spectrum. This thesis takes up these ideas and the SLS 
is applied for a distributed coordination of reservations transmitted on this dedicated 
control channel when re-using TV-bands as outlined in Section 6.8. 

6.2.4 Opportunistic Spectrum Usage 
The SLS enables opportunistic spectrum usage through (i) identification of spectrum 
opportunities, (ii) using them in a coordinated way and (iii) releasing the spectrum 
again if it is required by primary radio systems. Spectrum usage by opportunistic op-
eration in licensed and unlicensed spectrum is illustrated in Figure 6.2. In this figure, 
characteristic spectrum usage patterns in the 5 GHz unlicensed band for three 
IEEE 802.11a frequency channels are shown, together with two adjacent channels in 
the licensed spectrum. Cognitive radios differ between three kinds of spectrum oppor-
tunities: (i) Spectrum that is most of the time unused as it is reserved for radio systems 
that do not operate frequently like for instance emergency or military services, 
(ii) deterministically used licensed spectrum and (iii) predictably used unlicensed 
spectrum. The detection of such spectrum opportunities can be facilitated with spec-
trum usage measurements of IEEE 802.11k (IEEE, 2005a; Mangold et al., 2004b; 
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Figure 6.2: Spectrum usage example at 5 GHz. Three 802.11a channels and frequencies above are 
depicted. The dark gray fields indicate used spectrum. In extending Figure 2.7, cognitive radios use 
Spectrum Load Smoothing to identify and allocate spectrum opportunities (light gray indication). 
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Mangold and Berlemann, 2005), which are not in the focus of this thesis. The example 
of Figure 6.2 illustrates the allocations (light gray) of spectrum sharing cognitive ra-
dios which apply the principle of SLS when allocating spectrum opportunities. 
IEEE 802.11a radios demand the access to the channels at 5220 MHz and 5240 MHz 
with random patterns. The Cognitive radios distribute their allocations between the 
802.11a allocations and delay them in according to the Carrier Sensing Multiple Ac-
cess with Collision Avoidance (CSMA/CA) of 802.11. At 5260 MHz a license holding 
primary radio system uses spectrum with deterministic patterns, respected and not 
interfered by the cognitive radios. At 5280 MHz, a sporadically used licensed spec-
trum with a few spectrum accesses, the cognitive radios coordinate each other in ap-
plying the SLS. 

6.3 Spectrum Load Smoothing in the Time Domain 
The rationale of SLS is described in the following based on (Berlemann and Walke, 
2005). For a better understanding, the dimensions of the medium under competition 
are limited in the following to a single frequency for the rest of this section without 
restricting the general applicability of the SLS on multiple frequencies. In an initial 
step, a simplistic radio channel is assumed and the hidden station problem is ignored. 

6.3.1 The Algorithm 
Figure 6.3 describes the principle of SLS at the example of a single frequency in the 
time domain. A periodic, frame-based MAC protocol provides the basis for coordina-
tion and interaction. It is later in this chapter regarded as IEEE 802.11e beacon period, 
in this thesis referred to as superframe. Once per frame, a device determines the in-
tended spectrum access with the help of the SLS. Here, the frame consists of four slots 
of equal durations (lengths) whereby a slot is a time interval during which the multiple 
access occurs. The slot length is respected by all devices. All devices need to know a 
priori the slot structure or learn it from observation. In a distributed environment, the 
slot length can be identified with the help of the autocorrelation function of the ob-
served allocation patterns (Mangold et al., 2002; Mangold, 2003) at begin of each slot. 
Coexisting legacy communication systems or protocol specific limitations may how-
ever lead to violations of the slotted structure. The SLS deals with such violations in 
regarding an ongoing allocation from the last slot as first allocation of the current slot 
and following thereafter the intended access order of smoothed allocations.  

The SLS is an iterative algorithm: It redistributes the allocations of a device with the 
aim of getting an equalized - smoothed - overall utilization of the four slots (and 
thereby the complete frame), which is referred to as load level. The initial two steps of 
the iterative determination of the smoothed load level are shown in Figure 6.3. 

The iterative distribution of the devices’ allocations on the available slots considers the 
added allocations of all other devices as common origin. In Figure 6.3 only one device, 
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namely device 2 is present as interferer to device 1. The initial load level of device 1 is 
increased stepwise beginning with the lowest allocation of device 2, here located in 
slot 2. The step size w of increasing the load level is given by the quotient 

 amount of allocations to be distributedw =
number of slots

 (6.1) 

The difference between the load level and the allocations of device 2 is filled with 
allocations of device 1 (see Figure 6.3, step II, slot 3). These (spectrum load) 
smoothed allocations are subtracted from the amount, which is still to be distributed, 
depicted in Figure 6.3 in the upper right corner of each step. Thus, from iteration to 
iteration, the load level of device 1 rises and the step size w as well as the remaining 
amount of allocations decreases when assuming unchanged allocations of device 2. 
The accuracy of the algorithm defines a criterion for ending this iterative algorithm.  

The device’s distributed allocations are placed in this example on the top - after - the 
allocations of the other devices. As all devices might (spectrum load) smooth their 
allocations simultaneously, rules for accessing a slot are necessary and a broadcast of 
the intended allocations through reservations is preferable to prevent collisions and 
delays as introduced below. The SLS implies a minimum and maximum size of an 
allocation after SLS, reasoned for instance in an aimed reduction of the protocol over-
head or restrictions to the transmission size depending on the coding and modulation 
scheme of the PHYsical layer (PHY). 
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Figure 6.3: The principle of Spectrum Load Smoothing in the time domain over a frame divided 
into four slots with the same slot length. The initial two iterative steps of the SLS are depicted. 
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6.3.2 Spectrum Load Smoothing with and without Reservations 
It has to be distinguished between (i) SLS based on the observation of past frames and 
(ii) SLS improved through reservations. The SLS without reservations is performed 
simultaneously at the beginning/end of a frame. To enable a mutual interaction the 
SLS is done in this case step wise from frame to frame in redistributing a limited 
amount of allocations from the previous frame: Therefore in the following simultane-
ous iterative SLS without reservations is considered. In the case of reservations, i.e., a 
broadcasting of intended allocations for the actual frame, the SLS is done based on 
observed allocations of the past frame actualized through the reservations for the ac-
tual frame, if available.  

IEEE 802.16 might be considered for an application of the SLS with reservations, 
when the Broadcast Channel (BCH) is considered as reservation channel, coordinated 
in a distributed way with the help of the SLS and the subscriber stations are able to 
inform the base station in the preceding frame on their intended allocations. 

The amount of allocations per frame considered for redistribution through SLS is 
called SLSamount. For SLS with reservations, all allocations can be shifted at once 
(SLSamount = 100 %). To enable a fast coordinated as well as stable smoothed alloca-
tion scheme without reservations, the SLSamount is adapted, i.e., decreased, on the 
way to the smoothed allocation solution. Referring to control theory, the SLSamount 
can be regarded as attenuation factor. The flow chart of Figure 6.4 depicts therefore 
the SLS with and without reservations while the amount of redistributed allocations is 
flexible. The simulations, as introduced below, indicate that an initial value of 
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Figure 6.4: Iterative SLS with adaptive amount of redistributed allocations tar-
geting on smoothed allocations. 
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SLSamount = 10 % is suitable to enable stability and for reaching a smoothed overall 
allocation distribution in a short duration of time. 

Before redistributing a specific amount of allocations through the SLS, the most de-
structive allocations on the way to a smoothed overall allocation scheme have to be 
identified. Destructive means in this context parts of allocations which are above the 
ideal smoothed load level of the slots. The identification of allocations that are to be 
cut is introduced in the next section. The SLSamount is halved, as outlined in 
Figure 6.4 and observable in Figure 6.9, if the overall allocations of the last but one 
frame equal the allocations of the present frame: In a yo-yo like manner, as depicted in 
Figure 6.7 (d) and (e), the devices shift allocations at the same time to less utilized 
slots, overload these slots together and shift in the consecutive frame their allocations 
back to the original slots. This effect is countered in decreasing the amount of redis-
tributed allocations. In case of a device initiating or ending transmissions the smoothed 
mutually agreed allocation solution is obsolete and has to be coordinated again. There-
fore the SLSamount is reset in this case back to 10 %. 

For the sake of a better predictability, it is assumed that all devices cooperate as intro-
duced above: They change their allocation scheme much less frequent than the frame 
frequency during ongoing transmission to ease a mutual load coordination. This may 
be done for instance through an aimed buffering in the MAC layer. 

6.3.3 Identification of Most Destructive Allocations 
Parts of the allocations from the previous frame, which are to be redistributed through 
SLS, are identified in the reverse way of the SLS algorithm, as outlined for device 1 in 
Figure 6.5: A virtual line of cut is iteratively moved down from the most utilized slot. 
The outstanding parts are being cut and redistributed through the following application 
of SLS. The amount of cutting a slot length depicted in the upper right corner of each 
step is given through the SLSamount. The line of cut with the aim of SLS is moved 
down with a step size s of 

 left amount of allocations to be cut for SLSs =
number of slots

. (6.2) 

The allocations identified for redistribution are summed up. In subtracting these allo-
cations from the intended amount of allocation for redistribution the remaining quan-
tity defines the step size s of the next iteration corresponding to Equation (6.2). The 
accuracy of the algorithm defines again a criterion for ending this iterative algorithm. 

6.4 Initial Simulations and Convergence Analysis 
This section introduces (i) the SLS on the basis of reservations and (ii) the SLS with-
out reservations using an adaptive amount of redistributed allocations owing to less 
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actual information about the other devices’ allocations, as introduced above. In this 
section, the SLS is now performed by three devices (device 2, 3 and 4). These three 
devices operate at the same frequency and location together with an additional device 
(device 1). This device has a fixed allocation scheme: These fixed allocations may for 
instance result from an incumbent communication system not using SLS as introduced 
in the opportunistic spectrum usage scenario of Section 6.9. A dedicated, protected 
coordination phase where the reservations of the SLS-using devices are broadcasted 
may also be the reason for fixed allocations as outlined in the WPAN scenario of Sec-
tion 6.7. In the following, a frame structure of four time slots is assumed and an inter-
action over 75 frames is considered. 

6.4.1 SLS on the Basis of Reservations 
The SLS based on reservations can be realized within a specific coordination phase 
preferably located at the start of a frame. Within this coordination phase, the devices 
successively broadcast their reservations, e.g., as proposed for 802.11s mesh networks 
by Hiertz et al. (2005c), and coordinate their reservations in applying the SLS. The 
SLS considers thereby the already received reservations of the other devices if avail-
able. Otherwise the observed and therefore less actual allocations of the last frame are 
taken into account. 

Figure 6.6(a) depicts the observed normalized throughput of the three SLS using de-
vices over the time. Initially, device 2 has a demanded normalized share of capacity 
of 0.3, while device 3 demands 0.2. Specific events in the route of interaction are 
marked with numbers and the corresponding allocation situations are depicted in 
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Figure 6.5: Determination of allocations which are to be shifted in the SLS. The SLS from 
Figure 6.3 is reversed and the first two steps are depicted. 
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Figure 6.6(b) to (d): These figures outline the demanded and observed allocations of 
the four time slots of the frame. For the SLS, it is assumed that a maximum load level 
of a time slot, i.e., considered maximal capacity, has a value of 0.8. The remaining 
capacity is essentially left unallocated to enable for instance the access of additional 
SLS using devices or legacy devices. The maximum load level is respected by all 
devices and they cut their allocations, i.e., abort their transmission, if it is reached. The 
SLS is done over four time slots that cover the complete frame. 

At the initial frame 0, marked through  in Figure 6.6 (a) and depicted in 
Figure 6.6 (b), devices 1, 2 and 3 share the medium and their demanded allocations are 
uncoordinated: They overload the first time slot leading to a shortened observed allo-
cation for device 2 and no allocation for device 3 in this slot implying less observed 
throughput as demanded. The SLS leads already in frame 1 to a mutually coordinated 
demand of allocations implying a fulfilled demanded throughput for both devices as 
depicted in Figure 6.6(c). The devices may redistribute all (SLSamount = 100 %) of 
their allocations simultaneously per frame corresponding to the above introduced SLS 
with reservations algorithm.  
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(a) observed throughput. 
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(b) frame 0. 
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(c) frame 1. 
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(d) frame 26. 

Figure 6.6: Observed throughput (a) and allocations during the SLS (b)-(d). Device 1 has fixed 
allocations. The SLS is done by the devices 2, 3 and 4. Device 4 initiates transmission in 
frame 25. All allocations can be redistributed by the devices from frame to frame 
(SLSamount = 100 %). 
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 A fourth device initiates transmission in frame 25, demanding 0.2 as share of capacity 
and initiates its allocations at frame 25, see Figure 6.6(a) , leading again to an unco-
ordinated allocation distribution. Some slots are overloaded resulting again into a 
reduced observed throughput. As all devices follow the SLS, devices 2 and 3 as well 
as 4 redistribute their allocations. The emerging outcome of SLS in frame 26 is de-
picted in Figure 6.6(d). At frame 50, device 4 terminates its transmissions , resulting 
in a redistribution of the allocations of the remaining devices similar to Figure 6.6(c). 

The emerging steady point of interaction can be regarded as Nash Equilibrium from 
the perspective of game theory. In focusing on the throughput no device can gain a 
higher throughput in deviating from this solution: Although the devices still redistrib-
ute their allocations due to the SLS the resulting allocation outcome is fixed and stable. 
The principle of the Nash Equilibrium is introduced in Section 8.2.1 and it is also 
considered in the context of iterative waterfilling in (Haykin, 2005).  

6.4.2 SLS without Reservations 
Without reservations the SLS has to be based on less accurate information: The ob-
served allocations of past frames are considered for determining the expected alloca-
tions of other devices in the current frame. These observed allocations form a basis for 
the simultaneous SLS, done preferably at the beginning/end of the actual frame. To 
enable nevertheless coordination the redistribution process of allocations due to the 
SLS has to be slowed down for signaling purposes, as introduced above. 

Figure 6.7 and Figure 6.8 depict analogous to Figure 6.6 the observed throughput and 
corresponding allocations during the interaction. Contrary to Figure 6.6, the amount of 
allocations is here adapted during the course of interaction following the SLS algo-
rithm as introduced in the flow chart of Figure 6.4: The amount of allocations that are 
redistributed during one frame is decisive for the smoothness of the stable allocation 
scheme resulting from SLS. Therefore, Figure 6.9 depicts the amount of shifted alloca-
tions per frame: All devices initiate their SLSamount with 0.1 and reset to this value if 
any device appears , disappears  or rapidly changes its demanded allocations.  

The influence of the adaptive SLSamount is illustrated in Figure 6.7 (a)-(c): The ap-
pearance of device 4 in frame 25, Figure 6.7 (a) and , leads to an uncoordinated 
allocation distribution within the frame. The three devices stepwise shift 10 percent 
(SLSamount = 10 %) of their allocations leading to Figure 6.7 (b) and . Thereafter, 
the SLSamount is halved until a predefined minimum, here 0.001, is reached leading to 
nearly ideal smoothed allocations in frame 48, Figure 6.7 (c) and . The above men-
tioned yo-yo like shifting of allocations which motivates the adaptive SLSamount is 
outlined in Figure 6.7 (d) and (e): The devices’ distribution of allocations in frame 51 
and 53 is equal and triggers a reduction of SLSamount, as depicted in Figure 6.9. 
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(a) frame 25. 

1 2 3 4
0

0.2

0.4

0.6

0.8

1

frame 32

pe
rc

en
ta

ge
 o

f s
lo

t

demanded allocations
1 2 3 4

0

0.2

0.4

0.6

0.8

1

observed allocations

device 1
device 2
device 3
device 4

 
(b) frame 32. 
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(c) frame 48. 
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(d) frame 51 and 53. 
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(e) frame 52. 

Figure 6.7: Allocations during the SLS. The amount of the allocations which is redistributed 
per frame is adapted as depicted in Figure 6.9.
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Figure 6.8: The observed throughput of SLS, done by three devices, with 
adaptive amount of redistributed allocations from frame to frame. 
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Figure 6.9: The amount of allocation, redistributed in the SLS is adapted 
by the devices. 
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In summary, the introduction of the adaptive amount of redistributed allocations dur-
ing the simultaneous, iterative SLS moderates the inaccuracy of the SLS resulting 
from the missing reservation information. Nevertheless, it takes more time, compared 
to SLS with reservations, until a coordinated solution is reached as observable in a 
comparison of Figure 6.6 and Figure 6.8. 

6.5 Modeling Spectrum Load Smoothing in Spectrum Shar-
ing Scenarios 

In the following, a frame-based coordination model is defined to analyze and evaluate 
the application of the SLS and the resulting interaction in spectrum sharing scenarios 
at the example of extending and modifying the medium access of IEEE 802.11e. 

6.5.1 Redistribution of Allocations through SLS 
Figure 6.10 depicts the SLS in the time domain based on a slotted, periodic frame (the 
definitions are used below). Here, three decentralized operating devices coordinate 
their allocation of spectrum. Each device performs SLS, i.e., distributes its allocations 
over a distance of smoothing introduced by the maximum tolerable service time 
(which is also defined below) of the device’s applications. The timing diagram of the 
resulting channel is additionally depicted. A device decides about its allocation distri-
bution at the beginning of the frame. This decision cannot be modified within the 
frame. The distance of smoothing is a multiple of the slot length, corresponding to the 
slotted structure of the frame which is introduced by device 1 as first device initiating 
a transmission. The order of SLS and thus the order of access to each slot are given 
through the temporal appearance of the devices. The protected allocation, marked dark 
gray in Figure 6.10, may be from a primary radio system or represents a dedicated 
coordination period. Such a coordination period can be used for broadcasting reserva-
tions. It is used for beacon broadcasts in the WiMedia WPAN scenario introduced 
below and in (Berlemann et al., 2005a). 

6.5.2 Definitions 
The following definitions, illustrated in Figure 6.11, correspond to the ones of the 
game model introduced in Chapter 7, p. 138. The model introduces a frame-based 
interaction consisting of three phases: (i) The decision about the intended allocations 
during the current frame corresponding to the SLS, (ii) the allocation of the shared 
medium under competition and (iii) at the same time the observation of spectrum utili-
zation as basis for the SLS in the next frame. Figure 6.11 describes the QoS parame-
ters of the frame-based interaction model. The SLS regards the required (above) allo-
cations as basis and results into demanded allocations per frame (middle). The re-
quired allocations may be fragmented in order to fit adequately corresponding to the 
SLS into the time slots. Due to the competitive access to the medium the demanded 
allocations are interfered leading to delayed observed allocations (below). 
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Three abstract and (to the frame duration) normalized representations of QoS targets 
are defined in the following in the context of the coordination model with the help of 
Figure 6.10 and Figure 6.11: (i) The throughput [ ]0 1,Θ ∈ , (ii) the period length 

[ ]0 0 1, .∆ ∈  and (iii) the delay [ ]0 1,Ξ ∈ . The supported applications of the devices 
define the requirements for these QoS targets. The definition interval of the period 
length reflects the assumption, that at least ten allocation attempts per frame are in-
tended. 

The normalized throughput ( )i nΘ  represents the share of capacity a device i demands 
in frame n, and is defined as 

 ( ) [ ]
1

1 0 1
iL( n )

i i
l

l
n d ( n ) ,

FrameLength =
Θ = ∈∑ . (6.3) 

( )iL n  is the number of allocations per frame n and FrameLength  the duration of the 
frame. The parameter ( )i

ld n  describes the duration of an allocation l, l=1...L, of de-
vice i in frame n. The normalized period length ( )i n∆  specifies the time between two 
consecutive allocations 

 ( ) ( )
( )

[ ]
1 1

1 0 0 1
i

i i
l l ..L n

n max D n , .
FrameLength = −

⎡ ⎤∆ = ∈⎣ ⎦ . (6.4) 

The period length is observable by all devices and plays an important role for the dis-
tributed QoS support. The period length can be estimated by other devices and is re-
garded as contribution to cooperation as described above in Section 6.2.2. In this way, 
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Figure 6.10: SLS in the time domain. Each device has an individual distance of smoothing. The pe-
riodic allocations are distributed in aiming at an overall smoothed spectrum usage. 
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the period length enables predictability and thus increases the success of mutual coor-
dination (without reservations). The normalized observed delay ( )i nΞ  is defined as 
difference between demanded and observed allocation point of time and is part of the 
QoS evaluation below. The jitter can be directly derived from this observed delay but 
is not considered here.  

The application of SLS as MAC layer-based approach for distributed coordination 
leads to an additional segmentation of allocations. Therefore, the service time, as time 
needed for completely transmitting all segments of a required allocation (e.g., an IP 
packet), is evaluated as fourth QoS parameter. Below in Section 6.10, the service time 
is used as defined in Figure 6.11 to enable a fair comparison to legacy scenarios in 
which SLS is not applied. The duration of an allocation, in 802.11e referred to as 
Transmission Opportunity (TXOP) duration, is contained in the service time. The 
tolerable service time ( )ia n  is the maximum service time that the device i tolerates in 
frame n and is above introduced as distance of smoothing. Allocation attempts, which 
would lead to higher service times than the tolerable service time, are discarded. The 
services time refers to the total duration required for completely transmitting a higher 
layer data packet from one MAC layer entity to another including the segmentation 
and reassembly functions. The service time thus reflects the overall transmission dura-
tion of a higher layer packet together with all delays and collisions that any fragment 
of that packet observed during its transmission over the shared medium. 
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Figure 6.11: SLS in the time domain. The considered QoS parameters are illustrated. The SLS re-
gards the required (above) allocations as origin and results into demanded allocations per frame 
(middle). Due to the competitive access to the medium the demanded allocations are interfered 
leading to delayed observed allocations (below).  
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6.6 QoS Support in IEEE 802.11e Coexistence Scenarios 
In order to support QoS, IEEE 802.11e introduces a central instance referred to as 
Hybrid Coordinator (HC). The distributed, contention-based channel access of the HC 
is referred to as EDCA. For a detailed description and evaluation of IEEE 802.11e see 
Chapter 4 of this thesis and (Mangold, 2003): There it is shown that mutual coordina-
tion is desirable for QoS support on the basis of the EDCA in order to avoid collisions. 
The competitive access to each slot of the periodic frame is harmonized by the SLS 
under consideration of observed past frames. Collision avoidance is intended here to 
be reached by defining access order mechanisms to the wireless medium.  

The following sections evaluate in different spectrum sharing scenarios the level of 
supported QoS. This thesis’ frame-based coordination model and the basic 
IEEE 802.11e access mechanisms to a shared resource are evaluated with the help of 
the MatlabTM-based simulator YouShi2, which is introduced in detail in Appendix A. 
In this thesis, spectrum sharing scenarios of completely overlapping networks are 
considered that operate at the same frequency, time and location. Further, side effects 
resulting from the hidden-station problem, link adaptation and power control are ne-
glected and a simplistic radio channel is assumed. A decision making instance, as part 
of the Station Management Entity (SME), realizes the SLS approach in the protocol 
stack of IEEE 802.11e (Mangold, 2003). 

The behavior of a HC in case of a collision is not precisely standardized. Therefore it 
is assumed that the HC falls back to the EDCA in order to resolve the congestion. 
Figure 6.12 illustrates the QoS results, corresponding to the definitions above, of three 
coexisting HCs (HC0, HC1 and HC2) sharing the same frequency channel. The nor-
malized observed throughput ( ) 0 2i n ,i ...Θ ∈  (above), the observed period length 
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Figure 6.12: Legacy IEEE 802.11e HCCA coexistence scenario. The allocation attempts 
are uncoordinated and fail in colliding. A QoS guarantee is impossible. 
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( ) 0 2i n ,i ...∆ ∈  (in between) and the observed maximum delay ( ) 0 2i n ,i ...Ξ ∈  (be-
low) of frame n are depicted. Figure 6.14, Figure 6.16 and Figure 6.18 are structured 
in the same way and illustrate similar coexistence scenarios that are discussed later. 
The mutual interference of the HCs’ allocation attempts is evaluated over 15 
IEEE 802.11e superframes. Each frame has a typical duration of 
FrameLength = SFDUR = 100 ms. The QoS requirements of the throughput and pe-
riod length are marked gray. In the scenarios of this evaluation, the three 802.11e 
EDCA stations have the fixed requirement of allocating 20 % of the medium: 

0 2 0 2i
req . , i ...Θ = ∈ . The requirements for the period lengths are assumed as follows: 
0 0 1req .∆ = , 1 0 1req .∆ =  and 2 0 05req .∆ = . In the legacy HCCA coexistence scenario of 

Figure 6.12, the allocations attempts of the HCs collide frequently, mutually delay 
each other and/or have to be discarded. Thus the observed throughput is reduced and 
fulfills not the requirement. The observed period length, i.e., distance between alloca-
tions attempts indicates that a lot of allocations have been randomly delayed and dis-
carded corresponding to the random backoff after collision of the EDCA. This leads to 
unpredictable allocations of the shared medium and thus illustrates the inability of 
legacy HCs to guarantee QoS without exclusive access to a shared medium. 

6.7 SLS with Reservations - WPAN Approach 
This section introduces general terms used in the context of SLS and outlines its appli-
cation in a WPAN scenario of modified IEEE 802.11e stations sharing the same spec-
trum. The WPAN devices announce future transmissions in order to provide a colli-
sion free channel access. A dedicated coordination period is used for transmitting these 
reservations as part of sequentially sent beacons, as depicted in the timing diagram of 
the MAC-frame structure of Figure 6.13. The SLS is applied to enable a distributed 
coordination of reservations. This WPAN scenario takes up the ideas of the WiMedia 
Alliance MAC layer proposal by Hiertz et al. (2005a; 2005b). 

The point of time where the (spectrum load) smoothed allocations begin is referred to 
as ground. The ground is identical with the beginning of a time slot if the slot is used 
completely for SLS. Within the (spectrum load) smoothing period, bordered at the one 
side by the ground and at the other side by the maximum load level, the HCs initiate 
transmission corresponding to their reservations on the basis of CSMA/CA. The 
maximum load level is the upper border of the smoothing period within a slot. In the 
case of a completely used slot for SLS the maximum load level is identical with the 
end of the slot. The ground and the maximum load level imply means for realizing 
priorities and admission control of the medium access of the SLS: Less-prior EDCA 
traffic may access in the limited phase between maximum load level and end of the 
frame. 
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Each WPAN device is represented by a modified IEEE 802.11e HC with an individual 
HCCA mechanism, as illustrated in Figure 6.13. In such a scenario, standard-
conformant IEEE 802.11e Wireless Local Area Networks (WLANs) are not able to 
support QoS, as introduced above. The SLS is used for the decentralized coordination 
of coexisting HCs with the help of reservations as part of the 802.11e beacons, sequen-
tially transmitted within a coordination period at the beginning of an 802.11e super-
frame: The SLS is done successively during the coordination phase. The slotted struc-
ture of the superframe is introduced by the first HC using SLS. For collision avoidance, 
the common access order to all slots is given through the order of initial transmission. 
The beacons emitted by each IEEE 802.11e HC are used for announcing during the 
coordination phase the reserved TXOPs. Within such a TXOP the HC has the right to 
initiate a transmission or to assign transmission periods to associated stations as de-
scribed in Section 4.3. The coordination phase is protected by all HCs using SLS so 
that the reservations are not interfered. This is similar to the protection of a license 
holding radio system as introduced in the next section.  

The EDCA of all active HCs may access the channel in an individual, resizable period 
at the end of the superframe. This period is left unallocated through the SLS as the 
SLS is limited by the maximum load level. The TXOP length of the EDCA traffic as 
well as in particular the waiting time of the EDCA before accessing the idle medium, 
is under the control of all HCs. New HCs may enter the coordinated system in initially 
transmitting a beacon in the coordination phase containing their intended reservations. 
Due to the SLS the allocations of a new HC are demanded in the chosen slots after the 
allocations of the already coordinated other HCs. 

A spectrum sharing scenario of three WPAN devices, here HC0, HC1 and HC2 using 
SLS with reservations for mutual coordination is depicted in Figure 6.14. The QoS 
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Figure 6.13: Distributed coordination of reservations in WPANs: IEEE 802.11e HC spec-
trum sharing scenario. The different HCs send their reservations within a dedicated coor-
dination period at the beginning of the superframe. 
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requirements are the same as in the legacy HCCA coexistence scenario. The slotting 
for SLS is introduced by the periodic allocations of HC0, which is the first WPAN 
device operating at this frequency and location. The transmission interval, i.e., the 
slotted frame structure, is broadcasted in the signaling beacon. Alternatively, the inter-
val can be observed and identified by HC1 and HC2 with the help of an autocorrela-
tion function of the observed allocations (Mangold et al., 2002; Mangold, 2003).  

Here, a frame of 100 ms is divided for SLS into 40 slots and it is assumed that HC1 
has a fixed distance of smoothing (tolerable service time) of 3 slots while HC2 has a 
distance of smoothing of 2 slots; thus 1 7 5a .= ms and 2 5a = ms. HC0 has a distance 
of smoothing of 1 slot and 0 2 5a .= ms; which means, that HC0 allows no fragmenta-
tion of its allocations due to the SLS and that a transmission has to be successful 
within its required slot. A coordinated allocation distribution is reached after 4 frames. 
This is indicated by the observed period length ( )i n∆  of the HCs that is constant 
thereafter and the demanded allocations do not delay ( )i nΞ  each other – thus the 
allocations are fixed and a mutually coordinated solution is reached. The throughputs 

( )i nΘ  are fulfilled after the first frame. The first frame is necessary to enable an initial 
observation of reservations. HC1 observes a period length smaller than the required 
due to the fragmentation of the SLS: It requires every fifth slot an allocation of 2 ms 
and distributes this allocation over 3 slots following the SLS. Thus, the distance be-
tween two consecutive allocations is reduced. In applying the SLS, the HCs are able to 
allocate their allocations to the demanded points of time resulting from the SLS. Addi-
tionally collisions are avoided and a “smoothed” overall utilization of the available 
slots is reached. 

For the remaining part of this chapter a second application of the SLS with reserva-
tions is considered as introduced in the following. 
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Figure 6.14: IEEE 802.11e HCCA spectrum sharing scenario. All HCs use SLS with res-
ervations in order to coordinate their access to the medium. A stable coordinated alloca-
tion distribution is reached after 4 frames. 
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6.8 SLS with Reservations - Approach to the Re-Use of TV-
Bands 

As outlined in Section 6.2.3, a dedicated coordination channel is one option to enable 
secondary spectrum usage through signaling. The successful reception of a periodic 
signaling beacon indicates spectrum opportunities to the cognitive radios. In case the 
periodic beacon is not present, it is missed or the beacon itself prohibits spectrum 
access, the cognitive radios defer immediately from spectrum access. In this way, an 
instantaneous release of spectrum is guaranteed when the primary radio system re-
quires spectrum usage. The dedicated coordination channel is protected against inter-
ference in using a fraction of the unused licensed spectrum of the license holder desig-
nated for secondary usage.  

As illustrated in Figure 6.15, modified IEEE 802.11e HCs can realize secondary spec-
trum usage: The HCs transmit their beacons sequentially on the coordination channel 
in the order of their local appearance. These beacons contain piggy-backed reserva-
tions for spectrum access to frequencies available for secondary usage. These available 
frequencies are broadcast in the signaling beacon. The HCs apply the SLS to coordi-
nate their reservations in a distributed way. Figure 6.15 exemplarily depicts a single 
frequency shared by multiple HCs. The composition of the MAC frame and its timing 
diagram are depicted. The periodic beacon introduces a periodic frame structure for 
mutual coordination of the HCs: The points of time of the signaling beacons transmit-
ted on the coordination channel are the basis for the frame-based interaction in the 
shared frequency. The reservations transmitted on the coordination channel refer to the 
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Figure 6.15: Re-use of TV-bands: IEEE 802.11e HC spectrum sharing scenario. HCs ob-
serve a dedicated coordination channel for a signaling beacon allowing secondary usage. 
SLS with reservations transmitted on the coordination channel is applied to coordinate 
spectrum access. 
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subsequent frame (and not to the ongoing one). The HCs observe each frame and re-
distribute thereafter their demanded allocations for the next frame and adapt their 
broadcasted reservations accordingly. 

Besides television broadcasts, TV broadcasting companies often operate additional 
communication systems in under-utilized TV-bands assigned to them: Proprietary 
wireless communication systems are used to connect television cameras and micro-
phones with outside broadcast vans. The nature of the SLS enables the prioritization 
and protection of such communication systems in case of spectrum sharing. The pri-
mary communication system, in Figure 6.15 represented by HC0, may introduce the 
slotted structure of the periodic frame corresponding to its QoS requirements and allo-
cate spectrum accordingly. The SLS using HCs, here HC1 and HC2 coordinate their 
reservations in taking HC0 into account and distribute their allocations around HC0’s 
allocations. The presence of the prioritized HC0 is not required for the SLS of the 
other HCs: They are able to coordinate reservations without any help from HC0.  

A spectrum sharing scenario of one primary radio system, here HC0, and two HCs 
(HC1 and HC2) using SLS with reservations for mutual coordination is depicted in 
Figure 6.16. The QoS requirements are the same as in the legacy HCCA coexistence 
scenario. The allocations of the primary radio system are to be prioritized: The SLS 
using HC1 and HC2 identify free time intervals and distribute their allocations around 
the transmissions from the license holding HC0. Figure 6.16 illustrates the same sce-
nario as depicted in Figure 6.14 apart from the here present EDCA traffic and the now 
prioritized license holding HC0. The EDCA traffic represents the EDCAs of all HCs 
and accesses the medium with less priority, i.e., longer waiting time before access, in 
case the medium is idle. The offered EDCA traffic load is 2 Mbit/s and the TXOP 
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Figure 6.16: IEEE 802.11e HCCA spectrum sharing scenario. One protected primary HC 
and two HCs using SLS with reservations. Although less-prior EDCA is present, the SLS 
is successful. A stable coordinated allocation distribution is reached after 3 frames.  



6. Spectrum Load Smoothing 124

duration of the EDCA’s allocations is limited to TXOPlimit = 0.3 ms. Corresponding 
to the application example introduced above, the reservations are successfully trans-
mitted in a dedicated coordination channel on which the EDCA is not allowed to ac-
cess. The presence of the EDCA has no influence on the success of the SLS: A mutu-
ally coordinated distribution of allocations is reaches after 3 frames. Nevertheless, the 
EDCA’s allocations result into extended period lengths ( )i n∆  and delays ( )i nΞ  for 
all HCs.  

6.9 SLS without Reservations - Opportunistic Spectrum 
Usage Scenario 

The opportunistic spectrum usage in applying the SLS without reservations is outlined 
in this section. The timing diagram of a periodic IEEE 802.11e superframe in 
Figure 6.17 illustrates the medium access of cognitive radios corresponding to a modi-
fied 802.11e EDCA in order to avoid mutual delays and collisions. The 802.11e super-
frame has again a slotted structure, here introduced by EDCA1, which is used for 
applying the SLS as introduced in Section 6.3. The primary radio system is repre-
sented by EDCA0: Its allocation attempts must be successful and may not be inter-
fered by the cognitive radios (realized as modified EDCA1-4). These SLS using ED-
CAs follow a coordinated order of access to prevent collisions: The sequential order of 
access possibilities for each EDCAs through intended left free periods, common to all 
slots of the frame, is given by the order of the EDCAs’ initial transmission within the 
considered local coverage area. As illustrated in Figure 6.17, the SLS can be done 
without an announcement of reservation information with the help of an individual 
access period for each cognitive radio in each slot. The period for the opportunity to 
access the medium is left free in each slot for each cognitive radio independently from 
the real demanded allocation of a certain slot. Corresponding to the SLS principle no 
communication for coordination is required between the primary radio system and the 
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Figure 6.17: IEEE 802.11e EDCA coexistence scenario. SLS without reservations: The 
stations have an individual access period within a slot in the order of their initial transmis-
sion in the considered area. 
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SLS using cognitive radios with their modified EDCA: Each cognitive radio observes 
the allocations of the past frames and identifies time periods in which the primary 
radio system is not accessing the medium in the future. It is assumed, that the alloca-
tion patters of all spectrum sharing radios do not fluctuate much from one frame to 
another and an additional buffering is done in order to enable deterministic allocation 
patterns.  

In the scenario used in this thesis of coexisting IEEE 802.11e stations using EDCA, 
the SLS is performed simultaneously at the beginning/end of each frame. A spectrum 
sharing scenario of one incumbent primary radio system, here EDCA0, and two ED-
CAs that apply SLS without reservations for mutual coordination is depicted in 
Figure 6.18. The QoS requirements are the same as in the legacy HCCA coexistence 
scenario from above. The allocations of the primary license holding radio system are 
to be protected: The SLS using EDCA1 and EDCA2 identify free time intervals and 
distribute their allocations around the transmissions from the incumbent EDCA0. The 
slotting for SLS is introduced by the periodic allocations of EDCA0. The transmission 
interval is observable and can be identified by EDCA1 and EDCA2 with the autocor-
relation function of the allocation patterns (Mangold et al., 2002; Mangold, 2003). The 
frame is again divided for SLS into 40 slots and it is assumed that EDCA1 has a fixed 
distance of smoothing (maximum tolerable service time) of 1 7 5a .= ms while EDCA2 
has a distance of smoothing of 2 5a =  ms. It is observable in Figure 6.18 that the first 
frame is required for EDCA1 and EDCA2 to observe the allocation pattern from 
EDCA0. After the second frame, interference to EDCA0 is avoided. An observation of 
EDCA0 before initially accessing spectrum would prevent this interference but it can-
not be assumed in general, that the primary radio system is already transmitting, when 
cognitive radios would like to access spectrum opportunistically.  
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Figure 6.18: IEEE 802.11e EDCA spectrum sharing scenario. A primary radio system, 
here EDCA0, is to be protected and two secondary EDCAs use SLS without reservations. 
A coordinated distribution of allocations is reached after 11 frames. 
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In the HCCA scenarios from above all allocations can be redistributed per frame 
(SLSamount = 100 %) due to the usage of reservations. Contrary, this spectrum shar-
ing scenario of EDCA stations implies a more complicated coordination problem as 
outlined in Section 6.2.4: As no reservations are used, the SLS is based here on the 
less accurate observation of past frames. An adaptive amount of allocations considered 
for SLS is required to enable a convergence of the simultaneous redistribution of allo-
cations, see Figure 6.4, p. 109. In order to focus on the main effects, a constant 
SLSamount = 10 % is assumed in the following, which is adequate to reach a stable 
allocation distribution in a short time (Berlemann and Walke, 2005). Due to the miss-
ing information about current frame allocations, 11 frames are required in this scenario 
to reach a coordinated solution. Nevertheless, EDCA0 is not interfered and all cogni-
tive radios applying the modified EDCA observe their required throughput. Their 
allocations - fixed (EDCA0) or distributed by the SLS (EDCA1 and EDCA2) - do not 
collide or delay each other. The presence of the incumbent radio system increases the 
distance between two consecutive allocations and EDCA2 fails to meet its requirement 

2 0 05req .∆ = . 

In comparing the results from SLS without reservation (Figure 6.18) with the results 
from SLS with reservations (Figure 6.14) the advantage of reservations is clear ob-
servable. In two comparable scenarios the usage of reservations leads in after 4 frames 
to a coordinated solution in comparison to 11 frames required without reservations. In 
both scenarios, the primary radio system is successfully protected from interference in 
applying the SLS principle. 

6.10 Evaluation of QoS Capabilities 
The three spectrum sharing scenarios from above are analyzed in this section related to 
the support of QoS. Figure 6.19, Figure 6.20 and Figure 6.21 depict therefore the nor-
malized observed throughputs and the complementary Cumulative Distribution Func-
tions (CDF) of the observed service times of the three radios (either HCs, modified 
HCs or cognitive radios applying a modified EDCA) in the corresponding spectrum 
sharing scenario. As above, the radios require to access 20 % of the medium 
( 0 2 0 2i

req . ,i ...Θ = ∈ ) and the required period lengths are assumed again as 0 0 1req .∆ = , 
1 0 1req .∆ =  and 2 0 05req .∆ = . The QoS evaluation is performed over 200 frames (with 

SFDUR = 100 ms), while the initial frame required for mutual observation, as illus-
trated in the Figures considering 15 frames from above, is not considered here. Each 
figure depicts the QoS results without legacy EDCA traffic (a) and in the presence of 
EDCA background traffic (b). The less prior EDCA traffic accesses the medium in 
case it is idle for a certain period of time. The offered EDCA traffic load is 2 Mbit/s 
and the TXOP duration of the EDCA’s allocations is limited to TXOPlimit = 0.3 ms. 
Due to its less prior access and the presence of multiple HCs allocating the medium, 
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the EDCA is overloaded here. The dashed gray horizontal lines mark the 98-percentile 
of the service times’ CDF. 

6.10.1 Legacy HCCA Coexistence 
Figure 6.19 illustrates demonstratively the coexistence problem of legacy HCs sharing 
the same frequency. Both, HC0 and HC1 fail considerably to meet their required 
throughput due to frequent collisions, mutual delays and/or discarding of intolerably 
delayed allocations, as also indicated in Figure 6.12. The fixed TXOP durations of the 
HCs of 1 ms and 2 ms respectively are observable, as they are contained in the service 
times. The steps in the CDF reflect the mutual delays and the edges are reasoned in 
collisions and resulting backoff procedures of the EDCA for contention resolution. 
The coexistence problem leads to unpredictable service times, which are out of the 
control of the HCs. The presence of legacy EDCA traffic leads to longer service times 
as observable at the 98-percentile line in comparing Figure 6.19 (a) and (b). 

6.10.2 SLS with Reservations 
The observed QoS in the HC spectrum sharing scenario with the distributed coordina-
tion of reservations is shown in Figure 6.20. All HCs fulfill their required observed 
throughputs. HC0 has a fixed allocation pattern, while HC1 and HC2 separate their 
allocations and use SLS for redistributing them. The service time distribution of HC0 
indicates in (a) that HC1 and HC2 are not delaying HC0 and in (b) the legacy EDCA 
traffic delays HC0’s allocations up to its TXOPlimit. The fixed TXOP duration of the 
prioritized HC0 of 2 ms is also well observable. The distance of smoothing (for HC1 
7.5 ms and for HC2 5 ms respectively) is an upper limit for the maximum observed 
service time (transmission duration). Thus the tolerable service time, i.e., distance of 
smoothing, is decisive for the observed total service time. A completely interference 
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(a) without legacy EDCA 
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(b) with legacy EDCA 

Figure 6.19: Service times and throughputs in the coexistence scenario of three 802.11e HCs. Due 
to missing coordination, the observed throughput is essentially reduced and the HCs’ allocations 
considerably delay each other. Less-prior EDCA traffic is present in (b). 
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free operation of HC0 can be guaranteed if the EDCA is prohibited, although the 
EDCA TXOPlimit is already under control of the HCs. 

6.10.3 SLS without Reservations 
The opportunistic access to spectrum under protection of a primary radio system is 
evaluated in Figure 6.21. EDCA0, representing the medium access of a primary radio 
system has a fixed allocation pattern, while EDCA1 and EDCA2 are harmonized in 
applying the SLS without reservations with SLSamount = 10 % for mutual coordina-
tion as outlined above. A comparison of (a) and (b) indicates that no legacy EDCA 
should be permitted, in order to prevent any interference to the primary radio system. 
The EDCAs of all radios fulfill their required throughputs and the primary radio sys-
tem is not interfered in (a): The observed service time of the primary radio system 
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(a) without legacy EDCA 
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(b) with legacy EDCA 

Figure 6.20: Service times and throughputs in the 802.11e HCs spectrum sharing scenario. The 
HCs use SLS reservations in transmitting them on a dedicated coordination channel. Contrary to 
subfigure (a), less-prior EDCA traffic is present in (b). 
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(b) with legacy EDCA 
Figure 6.21: Service times and throughputs in the 802.11e EDCA spectrum sharing scenario. 
EDCA0 represents the primary radio system. EDCA1 and EDCA2 use SLS without reservations 
to coordinate opportunistic spectrum access. No legacy EDCA traffic is present in subfigure (a). 
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using EDCA0 is reduced to the transmission duration. The distances of smoothing (the 
same as above) are again an upper limit for the maximum observed service time. A 
distributed coordination and deterministic spectrum access, as required for the support 
of QoS, is successfully reached in applying SLS. 

6.11 Limitations of Spectrum Load Smoothing 
The application of SLS enables a QoS support in distributed environments on the basis 
of observing past spectrum utilization and/or reservations, as shown above. The neces-
sarily required coordination is reached as all cognitive radios have the same target in 
using the SLS: The smoothed utilization level of the time slots. Severe QoS require-
ments result into distinct restrictions related to access time and access duration. The 
SLS provides means to shift and separate allocations so that they interlock similar to 
the teeth of a comb in taking the tolerable service time into account. Nevertheless, 
when multiple cognitive radios require spectrum access simultaneously without toler-
ating any delays, the SLS fails. The nature of SLS, which provides deterministic idle 
times of the wireless medium, solves thereby already this problem. An aimed, single 
shifting of the required allocations times resolves the congestion. 

The success of the SLS depends on the cooperation of all radios sharing the same 
spectrum, i.e., that all radios apply the SLS. The main advantage of the SLS - its sim-
plicity - leads to a weakness against selfish, non-cooperative cognitive radio. Selfish 
cognitive radio demand more of the wireless medium than required in order to protect 
own allocations against interference from other radios as introduced in Section 8.1.2.2. 
Contrary to the application of game theory from Chapters 7-9, the SLS has no means 
to enforce cooperation through punishment.  

Figure 6.22 illustrates this weakness in depicting the first 15 frames in an EDCA spec-
trum sharing scenario. The QoS requirements are the same as in Figure 6.12 and the 
following. Here, the radio applying EDCA0 is selfish in demanding a higher through-
put than required 0 00 52 0 2dem req. .Θ = >> Θ = . Corresponding to the SLS principle, 
the SLS using cognitive radios applying EDCA1 and EDCA2 free the slots, over-
loaded by the radio of EDCA0 and try to allocate less utilized slots. The observed 
throughput indicates that the selfish radio of EDCA0 is able to block out the cognitive 
radios of EDCA1 and EDCA2 within 3 frames. Both cognitive radios try to re-
distribute their allocations but are limited in this by their distance of smoothing. Con-
sequently, allocation attempts are discarded due to intolerable expected service times. 
Therefore, the cognitive radios of EDCA1 and EDCA2 fail to meet their required 
throughputs ( ( )i nΘ ; gray lines) and delays, as shown in Figure 6.23. The blocking out 
is also indicated by the observed period length ( )i n∆ : The cognitive radio applying 
EDCA2 in using the SLS observes greater distances between two consecutive alloca-
tions than required, as the allocations of the EDCA0 completely take the medium for 
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several slots. EDCA1 and EDCA2 consider EDCA0’s allocations similar to allocations 
from a primary radio system: Any interference is avoided and overloaded slots (on 
purpose done by EDCA0) are freed independent from the own QoS requirements. The 
observed delays ( )i nΞ , illustrated in Figure 6.22, indicate the same: EDCA0’s alloca-
tions are not delayed, contrary to the ones of EDCA1 and EDCA2. 

The observed throughputs and service times over 200 frames in an EDCA spectrum 
sharing scenario of one selfish EDCA0 and two SLS using EDCA1 and EDCA2 are 
depicted in Figure 6.23. The selfish EDCA0 observes its demanded throughput 

0 0 52dem .Θ =  and its allocations are not delayed. Due to the increased demanded 
throughput EDCA0’s TXOP duration is now 5.2 ms. Contrary the SLS using cognitive 
radio: Their allocations are considerably delayed; in case of EDCA1 up to 6 ms and 
for EDCA2 up to 3.1 ms, respectively. Furthermore, EDCA1’s maximal service time 
is above its distance of smoothing of 7.5 ms. EDCA0’s allocations are again the reason 
for this. The allocations of EDCA1 are delayed beyond the designated SLS-slot and 
continue into the next slot.  

In summary, SLS using cognitive radios require protection against selfish cognitive 
radios. This protection may be introduced through regulation of certain MAC parame-
ters, like a limit for allocation durations or a necessarily required distance between to 
consecutive allocations. The SLS from above fails as the TXOP duration of EDCA0 
results into service times above the tolerable distance of smoothing for the other ED-
CAs. Alternatively, the SLS is an option for spectrum etiquette. It has been shown that 
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Figure 6.22: IEEE 802.11e EDCA spectrum sharing scenario. The EDCA0 of one cogni-
tive radio is not modified through applying the SLS. Instead, the radio is selfish in de-
manding a higher share of capacity than required. EDCA1 and EDCA2 are harmonized in 
applying the SLS and the corresponding allocations are blocked out of the medium by 
EDCA0. EDCA1 and EDCA2 considerably fail to meet their QoS requirements.  
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when all cognitive radios sharing spectrum apply it, SLS enables the QoS support in 
distributed environments. 

6.12 Conclusion  
Spectrum licensing may change radically over the next years towards open spectrum. 
Many new exciting research challenges in wireless communications will emerge. Cog-
nitive radios are promising candidates for dynamic as well as flexible spectrum regula-
tion and usage, ultimately increasing the efficiency of spectrum utilization.  

The SLS is a candidate approach to realize QoS support in different licensing ap-
proaches to secondary spectrum usage and spectrum sharing: As example, a restricted 
re-use of TV-bands on the basis of reservations can be coordinated by SLS. Further, 
the opportunistic access to under-utilized spectrum under protection of a primary radio 
system is enabled in applying the SLS. The applicability of SLS is independent of the 
number of radio networks for completely and partially overlapping wireless networks.  

The success of the SLS depends essentially on the cooperation by all radios as no 
means to enforce cooperation like punishment are considered. Thus the SLS requires 
regulatory protection or it is an option for a spectrum etiquette imposed by the license 
holder or regulation authority. 
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Figure 6.23: Service times and observed throughputs in the IEEE 802.11e EDCA spec-
trum sharing scenario. The EDCA0 of one cognitive radio is not modified through apply-
ing the SLS. Instead, the radio is selfish in demanding a higher share of capacity than re-
quired. The cognitive radios of EDCA1 and EDCA2 considerably fail to meet their QoS 
requirements. 
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Wireless Local Area Networks (WLANs) operate in unlicensed frequency bands. Their 
uncoordinated access to radio resources that are typically shared with other radio net-
works leads to increasingly problematic situations. Such coexistence scenarios are not 
addressed in standards like IEEE 802.11 (IEEE, 2003) with its extension 
IEEE 802.11(e) (IEEE, 2005d) for Quality-of-Service (QoS) support. Wireless net-
works operating in unlicensed spectrum, i.e., open spectrum, are typically not designed 
for exchanging information among dissimilar radio networks like Wi-Fi and Bluetooth 
For future radio networks, coexistence among dissimilar radio networks sharing com-
mon radio resources are therefore under discussion in industry groups like the Wi-Fi 
Alliance (Hassan et al., 2004) and IEEE 802.19 as introduced in Section 2.6.6.  

The following Chapters 7 to 9 give a detailed description and evaluation of how to 
apply game theory for modeling the competition of WLANs that are sharing unli-
censed frequency bands. This approach was initiated in (Mangold, 2003). Solution 
concepts derived from the application of game theory in microeconomics are used in 
this thesis. The coexistence problem is approached with a stage-based, non-
cooperative game (Friedman, 1971; Fudenberg and Tirole, 1998; Osborne and Rubin-
stein, 1994) to analyze competition scenarios of two wireless networks. In this thesis, 
the terminology and notation of Neumann and Morgenstern (1953) and Osborne and 
Rubinstein (1994) is used. Many of the definitions are taken from Fudenberg and Ti-
role (1998), Debreu (1959) and Shubrik (1982). Widely accepted concise microeco-
nomic standard text books on game theory are for instance (Kreps, 1990) and (Mas-
Colell et al., 1997). An electronic resource for educators and students interested in 
game theory can be found at (gametheory.net, 2005). 
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Contrary to many other publications about the application of game theory in wireless 
communication, this thesis focuses on the decentralized coordination for distributed 
QoS support in unlicensed communication systems. The coexistence between broad-
band wireless access networks operating in unlicensed bands and WLANs (like, for 
example between WiMAX and Wi-Fi) can be another interesting application for this 
approach. The distributed coordination of reservations for spectrum allocation, as for 
instance in Wireless Personal Area Networks (WPANs) as part of the Distributed 
Reservation Protocol (DRP) (Hiertz et al., 2003) in the MultiBand OFDM Alliance 
(MBOA) (Hiertz et al., 2005a, 2005b), is affected as well. 

This chapter begins with an introduction of related work in Section 7.1 followed by an 
overview about the developed game model in Section 7.2. The frame based interaction 
of WLANs is discussed in Section 7.3, while the utility as important part of the game 
model is introduced and defined in Section 7.4. This chapter ends with a summary in 
Section 7.5. 

7.1 Related Work 
The following chapters concentrate on the support of QoS by means of cooperation in 
decentralized wireless networks, in contrast to for instance (Altman et al., 2002; Féle-
gyházi et al., 2005; Srinivasan et al., 2003). In these publications, cooperative relay-
ing/routing in ad hoc networks is considered. The delay minimization in slotted 
ALOHA (Ala Lokaho Oia’aha’a Ahonui) is analyzed as a game problem in (Altman et 
al., 2004) ending in an insufficient system when applying game theory. Fundamentals 
of game theory and its application in resource management for modeling the interac-
tion between service provider and customers are introduced in (Das et al., 2004). Solu-
tion concepts from non-cooperative game theory are applied in this thesis; while coop-
erative game theory is for instance considered in (Yaiche et al., 2000). The application 
of solution concepts derived from game theory for the analysis and realization of spec-
trum sharing has many facets. These are discussed in additional publications as sum-
marized in Section 2.7.4, p. 37. 

The following chapters are based on a row of publications related to radio resource 
sharing games of coexisting wireless networks: In (Berlemann, 2002, 2003; Mangold, 
2003; Mangold et al., 2003c) the structure of a Single Stage Game (SSG) is introduced, 
including a definition of the individual utility/payoff functions. Additionally, possible 
outcomes of SSGs are evaluated together with static strategies, i.e., strategies that do 
not adapt to changing conditions, in Multi Stage Games (MSGs). A simple Markov 
model to estimate throughputs for the radio resource sharing in SSG is outlined in 
(Mangold et al., 2003b) and Appendix B.2. This model enables the players to select 
strategies in calculating potential game outcomes depending on the assumed strategy 
of the opponent. Dynamic strategies modeled as state machines and the possibilities to 
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establish cooperation through punishment are introduced in (Berlemann et al., 2003b; 
Mangold et al., 2003a). The structure of an MSG, the preference of future payoffs 
(discounting) and the emerging Nash Equilibria (NEs) in MSGs of two players are 
described in detail in (Berlemann et al., 2004c): The ability of distributed QoS support 
is evaluated in focusing on the observed payoff in MSGs. The capability of punish-
ment together with a comparison between game outcomes from aimed interaction and 
random play are illustrated in (Berlemann et al., 2004b) including a refinement of the 
utility/payoff functions. The outcomes of MSGs mutually depend on the strategies that 
are selected by all players. In (Berlemann et al., 2005f) different dynamic strategies 
are compared and it is discussed how they support QoS, when players apply them. A 
tutorial-like description of this thesis’ approach of using game theory for modeling the 
competition of WLANs sharing unlicensed frequency bands is given in (Berlemann et 
al., 2005j). Strategies as policies described in the DARPA XG Policy Language 
(DARPA, 2004a) in the context of policy adaptive cognitive radios are given in 
(Berlemann and Mangold, 2005; Berlemann et al., 2005c) and Section 10.3. 

7.2 General Overview 
Figure 7.1 illustrates the concepts with the help of the Universal Modeling Lan-
guage (UML). Each radio system is represented by a player, which competes with 
another player, for the control over a shared resource to support QoS. Such a player 
stands for all Medium Access Control (MAC) entities of one coexisting wireless net-
work. Here, in the case of coexisting IEEE 802.11e WLANs, a player includes at least 
one 802.11e Hybrid Coordinator (HC). Although radio technologies for unlicensed 
bands share a common resource, they are typically not designed to arrange spectrum 
usage with different systems. This is taken into account in assuming that players can-
not establish communication with each other directly. The QoS requirements imposed 
by services and applications define a multi-dimensional utility function. The utility is 
an abstract representation of the observed throughput, delay and jitter. The observed 
utility from the competitive access to the radio resource is in the following referred to 
as payoff. It is an important part of the stage-based game model that is introduced in 
Section 7.3, while the utility is discussed in detail in Section 7.4. 

Players interact repeatedly by selecting their own behavior (= a selection of MAC 
parameters). For the sake of simplicity the behavior of a player is limited here to coop-
eration and defection. After each stage of the game the players estimate their oppo-
nent’s behavior. The estimated behavior of the opponent has to be classified in taking 
its intention into account, as is discussed in detail in Chapter 8. This classification is 
necessary, because there is no communication between the dissimilar radio systems, 
i.e., the players. Nevertheless, players are aware of their influence on the opponent’s 
utility, which enables interaction on basis of punishment and cooperation, i.e., a hand-
picked allocation of the radio resource aiming at a specific intention. 
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The context of game theory for judging game outcomes is outlined on two levels. The 
existence of equilibria, i.e., steady outcomes of interaction, in SSGs depends on the 
players’ behaviors. This first level of examination is outlined in Chapter 8. Strategies 
in an MSG, which is formed by repeated SSGs, are discussed on a second, higher-level 
in Chapter 9. Players decide about their strategy by discounting expected utilities. 
With these expected utilities future outcomes of the MSG are calculated. The selected 
strategy of a player is decisive for the course of interaction. Thus, the capability to 
guarantee QoS depending on the chosen strategy is also evaluated in Chapter 9. 

7.3 Frame-based Interaction 
The SSG is the basis for the players’ interaction within the game model. An SSG is 
formed by an IEEE 802.11e superframe and has a fixed time duration. Such a super-
frame is the time between two consecutive beacon frames that are used for broadcasts. 
These beacons can be used to determine such an interval. This interval is set in the 
following to a duration of 100 ms which is typical corresponding to IEEE 802.11 there 
named SuperFrame DURation (SFDUR). It is assumed in the following that one 
player successfully transmits a beacon and that the other player synchronizes to this 
beacon. Spectrum allocating players always allocate the shared channel exclusively 
with the help of the HC, whose allocations are referred to as Transmission Opportuni-
ties (TXOPs). Note that each player represents all MAC entities of a single coexisting 
WLAN, and each network is assumed to include at least one HC. During the SSG 
duration, the demanded resource allocation times of all players determine which indi-
vidual player prefers to allocate a TXOP at what time. An SSG consists of three 
phases, as illustrated in Figure 7.2. Together they form one single stage: (i) The play-
ers decide about their actions, which means they demand resource allocation times and 
durations. This is an instant of time at the beginning of an SSG, and hence does not 
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Figure 7.1: The game model in UML notation. A radio system is represented by a player, which 
“has a strategy”, to determine what action to select. An “action specifies a behavior”. There are 
three QoS parameters: throughput, period length and delay. The jitter can be derived from the delay.  
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consume any time. (ii) The competitive medium access of the allocation process dur-
ing the SSG occurs in the second phase. It may result in resource allocation delays and 
collisions of allocation attempts: Resources may already be used by opponent players 
when an allocation attempt is demanded. Hence, the observed allocations may differ 
from the demanded ones, which is the reason for the difference of demand and obser-
vation. The second phase is the one that consumes the time of the SSG. (iii) After the 
allocation process, players calculate the outcomes with the help of individually defined 
utility functions in the third phase of an SSG, again without consuming time. The 
outcome can be regarded as the difference between what was wanted and what is de-
facto achieved. Spectrum allocations can be observed by all players, but the observed 
utility of a player cannot be observed by opponent players. The utility, i.e., the out-
come, is only individually known by each player. In the following stage, demands and 
actual observations are taken into account when the players decide which action to 
select next. Observed outcomes of an SSG contribute to the game history nH  over 
multiple stages, as it will be explained in more detail below. 

7.4 Quality-of-Service as Utility 
QoS targets (values) are introduced in the following. These QoS targets are used to 
define a multi-dimensional utility function as summarizing value of the observed QoS, 
which is target of the players’ efforts of optimization. 

The game model of this thesis comprises four abstract and normalized representations 
of QoS targets that are relevant in the context of distributed spectrum sharing: 
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Figure 7.2: Repeated interaction on the basis of SSGs. An SSG consists of three phases. The re-
quirement is defined through the QoS a player is trying to support. Based on this requirement, a 
player chooses its demand in taking potential interaction into account. The demand is reduced 
through the competition in the allocation process to the observation. Interaction is repeated, after 
phase III, the players start again with phase I. 



7. Spectrum Sharing as Game Model 138

   1.  The throughput [ ]0 1,Θ ∈ ,  
   2.  the period length [ ]0 0 1, .∆ ∈ ,  
   3.  the delay [ ]0 0 1, .Ξ ∈  and  
   4.  the jitter [ ]0 0 1, .Ψ ∈ . 

Period lengths, delays and the jitter are limited to grant typical values for a stage 
length of 100 ms. The demanded throughput Θ  and period length ∆  determine the 
player’s demanded allocations for an SSG as they are under the direct control of a 
player. They are selected at the beginning of each stage. This selection is the actual 
decision making, or, as in the rest of this thesis called, the action of a player. The pe-
riod length, i.e., the interval between two successive TXOPs, targets at a signaling of 
the players’ tolerable delay: This period length, demanded by one player, can be ob-
served by opponent players. It is an important characteristic in the SSG that enables 
players to estimate their opponent’s intentions and to respond to their behaviors. With 
the help of the period length, a player can signal its own intention, such as cooperation, 
and hence this parameter allows the establishment of cooperation, as it will be de-
scribed below. The observed delay Ξ , i.e., as difference between demanded and ob-
served allocation points of time, is additionally considered in the utility/payoff func-
tions to reflect the mutual interference resulting from the dynamics of the game. The 
jitter Ψ  as fourth parameter may be derived from the delay and is part of the classical 
QoS evaluation of the game outcomes. 

Observed delay and throughput can be significantly different to the demanded parame-
ters, because they result from the dynamics of the interactions during an SSG. This is 
reflected in the utility function. The multi-dimensional utility function represents the 
value of the observed QoS for a player. It is the unique objective of a player to opti-
mize this value with respect to its QoS requirements defining the utility function. The 
utility represents the observed and required QoS of a player and depends consequently 
on the above-introduced QoS targets. For example, a player may not be able to fulfill 
its QoS requirements (the observed utility may be zero) although the radio resource is 
not frequently used, in times when a player is unable to allocate resources to required 
point of times. 

7.4.1 Definition of Game Parameters 
In the following Equations (7.1) to (7.5) the QoS targets from above are defined in 
using the parameters illustrated in Figure 7.3. 

The throughput ( )i nΘ  represents the share of capacity a player i demands in stage n 
of the game:  

 ( ) ( ) ( )
( )

1

1
iL n

i i
l

l
n d n

SFDUR n =
Θ = ∑  (7.1) 
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where ( )iL n  is the number of allocated TXOPs per superframe n and ( )SFDUR n  the 
duration of this superframe in ms, typically with a length of 100 ms. The parameter 

( )i
ld n  describes the duration of the TXOP l, l=1...L, in ms, of player i in stage n. The 

variable ( )i
ld n  is illustrated in Figure 7.3. 

The parameter ( )i n∆  specifies the maximum resource allocation period between sub-
sequent resource allocations that player i observes or attempts to get in stage n. It is 
measured in ms. It contains the delay between two TXOP transmissions due to the 
interrupted TXOP allocations neglecting the effect that a transmission itself may fail 
and require retransmissions. ( )i n∆  is defined as 

 ( ) ( ) ( )
( )1 1

1i i
l l ..L n

n max D n
SFDUR n = −

⎡ ⎤∆ = ⎣ ⎦ , with ( ) ( )i
lD n SFDUR n≤ , (7.2) 

where ( ) ( ) ( )1
i i i
l l lD n t n t n+= −  is the time between the starting points of the two TXOPs 

l and l+1 of player i in superframe n, again measured in ms. See Figure 7.3 for an 
illustration. Note that ( ) ( ) ( )1 1i i

i i i
L LD n t n t n= + −  exceeds the superframe n. 

The third QoS target is the delay ( )i nΞ  of the allocated TXOPs for player i defined as 

 ( ) ( ) ( ) ( )1i i i
l ,obs l ,demn max t n t n

SFDUR n
⎡ ⎤Ξ = −⎣ ⎦ . (7.3) 

The delay is defined as difference between observed ( )i
l ,obst n  and demand ( )i

l ,demt n  
allocation point of time of a TXOPs l of player i in superframe n. As this thesis con-
centrates on QoS guarantees, the focus of the game is rather on the maximum than on 
the mean values of ∆  and Ξ . 

The jitter Ψ  as fourth QoS target may be directly derived from the delay: 
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Figure 7.3: The n-th superframe with a characteristic duration (SFDUR) of 100 ms. Each super-
frame forms a Single Stage Game. Multiple Single Stage Games are played repeatedly and form a 
Multi Stage Game.  
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 ( )id ndt Ξ . (7.4) 

For a detailed definition of these QoS targets see (Mangold, 2003: 136). In this follow-
ing, the game model of Mangold (2003) and Berlemann (2002) is extended. This ex-
tension refers mainly to the utility/payoff function in order to take the dynamic interac-
tion and the resulting consequences on the capabilities for supporting QoS into ac-
count.  

The parameters i i i
l l ld ,D ,L  specify the allocation l of player i in detail. They are also 

depicted in Figure 7.3. To calculate these parameters out of a specific action, i.e., from 
the demanded QoS parameters, the following equations are needed: 

 1 0i i i i i i i
dem dem dem demi

dem
L , , D SFDUR , d SFDUR .

⎡ ⎤
= ∆ > = ⋅ ∆ = ⋅Θ ⋅ ∆⎢ ⎥

∆⎢ ⎥⎢ ⎥
 (7.5) 

The players use these equations to determine their ideal allocation points of time and 
length for a single superframe without competitors. The competition influences the 
parameters i iL ,D . The operator ⋅⎡ ⎤⎢ ⎥  rounds to the nearest integer value towards plus 
infinity. 

The different roles in the context of the game model of these four QoS targets are 
shown in Table 7.1. Throughput, delay and jitter are considered in the classical QoS 
capability evaluation of this thesis’ game model, done in Chapter 9. The utility/payoff 
function as defined in the next section takes the throughput, period length and ob-
served delay into account. Again, this structuring is required to reflect the difference 
between QoS that can be observed by all players (here the observed throughput and 
period length) and QoS that is not observable in distributed environments (here the 
delay and jitter). 

7.4.2 Action 
The action of a player is defined based on the introduced QoS parameters, in the game 
called action ( )ia n  of player i in stage n of an MSG. Each player decides at the be-
ginning of each stage about its action. A simplified game of N=2 players is assumed 

Table 7.1: QoS in the context of the game model. 

QoS target game 
parameter 

part of 
action 

represented 
in payoff 

part of QoS 
evaluation 

throughput Θ     

period length ∆     

delay Ξ     

jitter Ψ     
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and the opponent is therefore called -i in the following. As introduced above an action 
of player i consists of the two demanded QoS parameters i i

dem dem( , )Θ ∆  and is defined 
as 

 
( )
( )

( )

( )
( )

1

1

i
req ii

demdem i n i i i
reqi i

dem demi
req

n n
: , ,H a n ,a A

n n

−

−

⎛ ⎞⎛ ⎞Θ
⎜ ⎟⎛ ⎞⎜ ⎟⎛ ⎞Θ Θ −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ = ∆ → ∈

⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟∆ ∆ −⎝ ⎠ ⎝ ⎠⎜ ⎟⎜ ⎟Ξ⎝ ⎠⎝ ⎠

  

An action depends on the players’ QoS requirement i i i
req req req( , , )Θ ∆ Ξ  and the ex-

pected action, i.e., demand, of the opponent 
i i

demdem( , )
− −

Θ ∆ . The superscript indicates 
that the action of the opponent is not known to the player but estimated from the ob-
served history of the game. Note that i

reqΞ  refers to the maximum tolerable delay and 
it is introduced later in this section in the context of the utility function. In addition, 
the history nH of own observed QoS parameters i i i

obs obs obs( , , )Θ ∆ Ξ  up to the last 
stage n-1 is evaluated. Again, the QoS parameter Ξ  is part of the utility function, 
introduced in the next section, but not of the action. iA  is the set of actions out of 
which player i selects its action. This action set consists of an infinite number of alter-
native actions and is a single coherent subset of 2 . The action set is a Euclidean 
space of two dimensions which is unempty and infinite but limited to QoS parameter 
specific intervals that are independent from the frame duration: 

 
[ ]
[ ]
0 1

0 0 1

i
demi
i
dem

,
A

, .

⎛ ⎞Θ ∈
⎜ ⎟=
⎜ ⎟∆ ∈⎝ ⎠

 (7.6) 

7.4.3 Definition of Utility Function 
In general, a utility function is an ordinal quantity for the satisfaction of an individual 
entity.  

Here, the utility 0
iU +∈  defines what player i gains from a specific action ( )ia n  and 

is thus a set-based function over the action set iA . The utility is an abstract representa-
tion of the supported QoS of a player and depends consequently on the above intro-
duced QoS parameters. The definition of the utility function considers all characteris-
tics of the QoS under consideration of the individual QoS requirements of a player 
imposed by the supported applications. 

For the sake of readability the dependency of all elements of the game model on 
stage n is left away. Based on the selection of an action ia A∈ , player i observes a 
utility ( )iU a . This utility function is a set-based function over the action set iA . The 
utility function represents the preference relation i  of player i in the sense that 
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( ) ( )i i iU a U b , a,b A≥ ∀ ∈ . In this case it is said a is preferred over b or in other 
words: a weakly dominates b. If ( ) ( )i iU a U b> , a strictly dominates b.  

There are many different thinkable approaches to reflect QoS characteristics in a util-
ity function. In this thesis an approach based on rational and concave functions is cho-
sen to simplify the analytical analysis. The following definitions of the utility func-
tions are gained in an intensive refinement process, which covered the technical re-
quirements to the utility function, the analytical usability and the expectations derived 
from game theory. 

The utility of player i depends on three normalized utility terms iU +
Θ ∈ , 

iU +
∆ ∈ and iU +

Ξ ∈ . They represent the observed share of capacity and points of 
time of resource allocation. The overall utility is given through 

 ( ) ( ) ( )i i i i i i i i i i i i
dem obs req obs req obs reqU U , , U , U , ,U +

Θ ∆ Ξ= Θ Θ Θ ⋅ ∆ ∆ ⋅ Ξ Ξ ∈ , (7.7) 

where iU  is a non negative real number. All utility terms are dimensionless and have 
values between 0 and 1, hence 0 1iU≤ ≤ . 

The utility function of the gained throughput iUΘ  is defined as 

 ( ) ( ) ( )( )11 1
1

i i i i i i
dem obs req req demi i i

obs req tolerance

U , , : v
u

Θ

⎛ ⎞
⎜ ⎟Θ Θ Θ = − + ⋅ Θ − Θ
⎜ ⎟+ ⋅ Θ − Θ + Θ⎝ ⎠

 (7.8) 

if i i i
obs req toleranceΘ ≥ Θ − Θ  and 0 other wise. The parameters u and v in Equation (7.8) 

define the elasticity of the utility function and the tolerable deviation of the share of 
capacity is given as 

2
0i

tolerance
v u v v , u,v , u,v .

u v
++ ⋅ −

Θ = ∈ >
⋅

 

Figure 7.4 illustrates the first utility term i i i i
dem obs reqU ( , , )Θ Θ Θ Θ  depending on the two 

shaping parameters 0u,v ,u,v+∈ >  for an exemplary 0 4i
req .Θ = . For the rest of 

this thesis the utility function is intensively used. The shaping parameters u and v have 
in this thesis values of 10 and 1 respectively. The resulting shape of the utility function 
is marked bold in Figure 7.4. As a function of the demand and of the observation, the 
utility function i i i i

dem obs reqU ( , , )Θ Θ Θ Θ  extends the classical understanding of the utility 
as it is known from game theory (Fudenberg and Tirole, 1998). The dependency on the 
demand is added here because of the obvious necessity to limit the demanding of a 
high capacity. The access to the channel is limited by reducing the utility for high 
capacity demands, contrary to an otherwise gained higher utility from 1i

demΘ → . It 
reflects the fact that all players observe less utility in demanding high capacity at the 
same time. Demanding high capacity implies also poor results for the Enhanced Dis-
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tributed Channel Access (EDCA) of the Quality-of-Service Basic Service Sets 
(QBSSs) represented by an additional player as explained in Appendix A. The EDCA 
is blocked out of the superframe. 

To force the players not to allocate too much of the medium, the shaping factor v re-
duces the observed utility for high values of i

demΘ  to the benefit of the other players, 
especially the EDCA player. The parameter u appends elasticity to the game model: 
depending on this parameter the player may strictly need its requirement or is satisfied 
with less adequate observations. 

The second utility term iU∆ , which is related to the period length of resource alloca-
tions, depends on the same parameters u and v. Due to the smaller values of 

[ ]0 0 1.. .∆ ∈ , whereas [ ]0 1..Θ ∈ , the shaping parameters are multiplied with 10. iU∆  
is defined as 

( )

( ) ( )( )11 1 10 2
1 10

i i i
obs req

i i i
obs req tolerancei i i

obs req tolerance

U , :

v
u

∆ ∆ ∆ =

⎛ ⎞
⎜ ⎟− + ⋅ ⋅ ∆ − ⋅ ∆ + ∆
⎜ ⎟− ⋅ ⋅ ∆ − ∆ + ∆⎝ ⎠

 (7.9) 

if i i i
obs req tolerance∆ ≤ ∆ − ∆  and 0 otherwise. The maximum length of allocation periods 

is related to the parameter i
tolerance∆  , which is defined as 
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Figure 7.4: The utility term i i i i

dem obs reqU ( , , )Θ Θ Θ Θ  for 0 4i
req .Θ = . On the left side the shaping pa-

rameter u is varied and on the right v. The maximum utility is observed when the requirement is ful-
filled. 
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( )210 10 10 10

0
10 10

i
tolerance

v u v v
, u,v , u,v .

u v
+⋅ + ⋅ ⋅ ⋅ − ⋅

∆ = ∈ >
⋅ ⋅ ⋅

 

The absolute value of this parameter i
tolerance∆  reflects the tolerated variation of the 

delay of resource allocations, i.e., TXOPs. Figure 7.5 depicts the second utility term 
i i i

obs reqU ( , )∆ ∆ ∆  for varied shaping parameters u and v. The utility iU∆ can be com-
pared to the mirrored iUΘ  function. This reflects in general that a high i

obsΘ  and a low 
i
obs∆  are preferable for a player. Real time applications require constant allocation 

periods. Thus iU∆  is reduced for i i
obs req∆ > ∆  and in addition to this it is not useful to 

have very short allocations, i.e., i i
obs req∆ ∆ . The utility reaches its maximum value 

for i i
obs req∆ = ∆  und decreases for small periods of resource allocation. The parameter 

v in i i i
obs reqU ( , )∆ ∆ ∆  has consequently another intention as in i i i i

dem obs reqU ( , , )Θ Θ Θ Θ , 
although it is used in the same way. 

The third utility term is iUΞ , which is related to the delay between the demanded and 
observed allocation points of time. iUΞ  depends on the convexity factor w +∈  and is 
defined as 

 ( )
1

11
1

i i
obs req

i
req

w

i i i
obs req w

eU , :
e

⎛ ⎞Ξ −Ξ
− ⋅ +⎜ ⎟⎜ ⎟Ξ⎝ ⎠

Ξ −
−

Ξ Ξ = −
−

  (7.10) 
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Figure 7.5: The utility term i i i

obs reqU ( , )∆ ∆ ∆  for 0 04i
req .∆ = . On the left side the shaping parame-

ter u is varied and on the right v. The maximum utility is observed when the requirement is fulfilled. 
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if i i
obs reqΞ ≤ Ξ  and 0 other wise. i

reqΞ  reflects the maximum tolerable delay and is 
imposed by the supported applications of a player. Figure 7.6 illustrates the utility 
function i i i

obs reqU ( , )Ξ Ξ Ξ  for a varied convexity factor w. For 0w =  the utility func-
tion is a straight line. In this thesis, w has a constant value of 2 as indicated by the bold 
curve in Figure 7.6. The convexity of this utility function increases for increasing w. In 
this way the convexity factor w reflects the restriction on fixed allocation times or the 
permission of delays.  

The shaping parameters u, v and w are used by all players through the complete game. 
All players have the same shaping parameters and these parameters are thus known to 
all players. In Equations (7.8), (7.9) and (7.10) the demand and observation of the 
player may change from SSG to SSG while the requirements remain constant for the 
complete MSG. This is assumed for evaluating steady game outcomes in Chapters 8 
and 9. 

For a better understanding of the utility function, Figure 7.7 depicts in (a) the observed 
utility of a player which exclusively utilizes the radio resource depending on its de-
manded QoS. The ideal case is assumed that no opponent player is present. Conse-
quently, player i is observing its demand and its allocations are not delayed, i.e., 

0i
obsΞ = . The utility function iU  is quasi-concave and has a unique maximum at the 

optimal fulfillment of the players QoS requirements. As introduced above, the player 
can demand a specific throughput, i.e., share of capacity, and period length that are 
together defined in Equation (7.6) as an action. The maximum of the utility function 
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Figure 7.6: The utility term i i i

obs reqU ( , )Ξ Ξ Ξ  for 0 05i
req .Ξ =  . The con-

vexity factor w is varied. For w=0 the utility function forms a straight line. 
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1iU =  is per definition given by the required QoS, here 0 4 0 045i i
req req( , ) ( . , . )Θ ∆ = : 

Thus, a utility maximizing action (introduced as best response in the next section) can 
be defined as 0 4 0 045

ii i i i
demdem req reqa : ( , ) ( , ) ( . , . )= Θ ∆ = Θ ∆ =  in case there is no re-

source competition.  

7.4.4 Payoff: Utility under Competition 
In a competition scenario of coexisting WLANs the radio resource has to be shared. 
Under such competition, i.e., in the presence of another player, the players’ allocations 
interfere. Thus, to evaluate the outcome of an SSG under competition, the opponent’s 
action has to be taken into account as well. Therefore, the payoff iV of player i in 
stage n is defined as utility under competition: 

 ( ) ( )i i i i i i i i iV a ,a U a a A ,a A− − −→ ∈ ∈ . (7.11) 

The payoff describes what a player observes as utility in being a function of the ac-
tions, i.e., demands, of all participating players. In this way it is clearly separated be-
tween exclusive usage of the resource on the one hand, leading to 

0i i i i i
obs obs obs dem dem( , , ) ( , , )Θ ∆ Ξ = Θ ∆  together with i iU ( a ) , and on the other hand the 

competition to access the resource resulting in 0i i i i i
obs dem obs dem obs, ,Θ < Θ ∆ > ∆ Ξ >  

with i i iV ( a ) : ( a ,a )−= . This leads consequently to i i i i iU ( a ) V ( a ,a )−> . 

The payoff completes the SSG and highlights the dependency of player i’s payoff iV  
on the opponent’s action ia− . In addition, the observed QoS parameter i

obsΞ is now 
affected through the opponent’s allocations and influences the payoff, too. Neverthe-
less it is not part of the player’s action as defined in Equation (7.6). 

Under competition, the players may observe less QoS than demanded. This leads to a 
decreased utility as depicted in Figure 7.7(b) that is equally scaled as Figure 7.7(a): 
The opponent has a QoS requirement of 0 4 0 02 0 02i i i

req req req( , , ) ( . , . , . )Θ ∆ Ξ =  leading 
to a fixed demand of 0 4 0 02i i

dem dem( , ) ( . , . )− −Θ ∆ =  while the demanded throughput and 
period length of the player from above is varied. The observed delay, now inevitable 
because of the opponent’s allocations of the shared radio resource, is considered in the 
utility function of Equation (7.7) as factor iUΞ , but is not part of an action. iUΞ  influ-
ences the absolute value of iU : With increasing observed delay Ξ iobs , which is still 
shorter than the required Ξ ireq  (maximal tolerated) delay, the observed utility decreases. 
Due to the competition, a player has to demand more restrictive QoS than needed to 
satisfy nevertheless its QoS required.  

7.4.5 Best Response 
Figure 7.7(b) introduces the best response action: When demanding resources a player 
has to consider the expected action of its opponent. This is a response to the oppo-
nent’s action. Assuming the rational behavior of the opponent and using the history of 
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interactions nH , an opponent’s action for the next stage can be estimated by the 
player (Mangold, 2003: 152-157).  

For any i ia A− −∈ , a best response function i iB ( a )−  is defined as a set of player i’s 
best response to a given ia− : 

( ) ( ) ( )i i i i i i i i' i i' i' i
iB a a A :V a ,a V a ,a a A− − −= ∈ ∀ ∈  

The rational behavior of the opponent consequently results in an action, which is again 
based on the opponent’s assumption that all players act rational. The question arises 
whether an action profile i i i i( B ( a ),B ( a ))− −  exists for which both players maximize 
their payoffs in the sense that neither player can improve its payoff by changing ac-
tions. This question is answered in Section 8.2.1 through the Nash equilibrium concept. 

Through a variation of the assumed demanded i
dem
−Θ  and i

dem
−∆  of player -i, player i 

can determine a best response curve on all possible actions of player -i for an SSG. 
This best response curve is given by the corresponding payoff maximizing actions of 
player i to the opponent player’s actions. In case of Figure 7.7(b) the best response is 

0 4 0 0325
ii
demdem( , ) ( . , . )Θ ∆ = . The players use an analytic model, introduced in 

(Mangold, 2003: 160-172) and Appendix B.2, together with their belief about the 
opponent’s expected action of the actual stage to calculate their potential payoffs and 
thus their best response. See (Mangold, 2003: 152-157) for the detailed description of 
the technique to form such a belief on the basis of the correlation of observed alloca-
tion patterns.  

7.4.6 MinMax Payoff 
A predictable lower limit for the observed payoff is of special interest in order to suc-
cessfully support QoS. Therefore, the MinMax payoff i

minmaxV  is defined in this sec-

  
(a) exclusive utilization (b) under competition 

Figure 7.7: Equally scaled utility functions of a player depending on its demanded throughput 
and period length. In (a) no opponent is present contrary to (b) where the unlicensed radio re-
source is under competition and shared with an opponent. 
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tion. A player maximizes its own payoff in playing a best response that is a function of 
both players’ actions. Following Fudenberg and Tirole (1998), the lowest payoff 
player i’s opponent can enforce on player i by any choice of ia− , provided that 
player i correctly estimates ia−  and plays a best response to it, is defined as 

 ( )i i
i i i i

minmax a aV min max V a ,a−
−⎡ ⎤= ⎣ ⎦   (7.12) 

The value of the MinMax payoff i
minmaxV  depends decisively on the relative QoS re-

quirements of both players. A player is able to reduce the opponent’s payoff to a value 
of 0 but not under consideration of the own payoff in playing a best response. This 
topic is discussed in detail later in the Sections 8.1.2.4 and 9.3.4.1 in the context of 
punishment. 

7.4.7 Information Structure 
The information structure of the game model can be characterized as an asymmetrical 
distribution of information (Kreps, 1990; Mas-Colell et al., 1997). The players are not 
aware of their opponents’ QoS requirements and have no means for exchanging in-
formation directly. Thus they do not know the opponents’ utility function exactly. 
Nevertheless, they are aware of the opponent’s utility function’s shape, given by the 
shaping parameters u, v, and w. These parameters are assumed to be constant through a 
game. In addition, the players are aware of their action’s qualitative influence on the 
opponent’s utility. The players are able to determine more or less accurate the oppo-
nent’s action of the last stage through observation and assume that this action will be 
identical to the actual stage’s action. In MSGs, the players are able to form expecta-
tions about their opponent’s action based on the observed game history nH . The play-
ers are not aware of their opponent’s behavior and consequently do not know the op-
ponent’s strategy. Nevertheless, the players can observe the opponent’s influence on 
the own payoff altogether with the own strategy. This influence is quantitatively 
known to all players and thus they are able to classify the opponent’s intention and 
behavior as introduced in the next chapter. 

7.5 Summary 
The stage-based interaction model and the multi-dimensional utility function intro-
duced in this section enable an analysis of distributed spectrum sharing in the form of 
games. The utility function, as abstract representation of multiple QoS targets, is a sum 
total value for the observed QoS within one stage. This is a necessary step of abstrac-
tion in order to unify and to reduce the complexity of the player’s effort of optimizing 
game outcomes. The definition of the best response action as an initial step to the 
analysis of equilibria: If the players’ best responses correspond to each other a steady 
and thus predictable game outcome is reached. 
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In the game model of this thesis, Single Stage Games (SSGs) are the basis for interac-
tion between spectrum sharing cognitive radios, here players, as discussed above in 
Section 7.3. The players are aware of the influence of their demanded allocations on 
the opponent ones. This enables an interaction, and thus the introduction of specific 
intended behaviors in Section 8.1. The interaction of the players within SSGs towards 
steady and thus predictable game outcomes is analyzed in detail under consideration of 
the microeconomic concepts of Nash Equilibria (NEs) and Pareto efficiency in Sec-
tion 8.2. 

8.1 Behavior 
The following section is based on a detailed analysis of potential SSG outcomes, per-
formed in (Mangold, 2003: 159-188) and (Berlemann, 2002, 2003). The payoffs of 
both players depend on a single player’s action. Therefore, SSGs resulting from vari-
ous combinations of actions, i.e., [ ] [ ]0 1 0 0 1i , i i , i i , i i , i

dem dem dem dem( , ), , , , .− − − −Θ ∆ Θ ∈ ∆ ∈ , are 
evaluated in the following. It will be shown that the relative values of the demanded 
Quality-of-Service (QoS) parameters compared to the opponent’s ones is decisive for a 
successful allocation of demanded resources. 

8.1.1 Cooperation through Predictable Behavior 
In the absence of a centrally coordinating entity, a player can contribute to the estab-
lishment of cooperation by behaving predictably. Predictable resource allocations of a 
player during an SSG will enable other players to understand and respond to its actions. 
Consequently, the application of game theory in spectrum sharing scenarios has the 
same prerequisites to cooperation as the Spectrum Load Smoothing (SLS) discussed in 
Section 6.2.2. 

Therefore, predictable behavior is in this thesis referred to as a contribution to coop-
eration in the absence of a centrally coordinating entity. The fixed periodicity of re-
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source allocations by a player can be observed and predicted by other players. These 
other players may adapt their own resource allocations with the objective to mitigate 
mutual interference. Such a behavior can be regarded as a cooperation as response to 
an opponent’s cooperative behavior. 

Actual resource allocations correspond to the individual QoS requirements of players. 
A decrease of the period lengths may however be considered as another important 
contribution to establish cooperation (Mangold, 2003): While the number of equally 
distributed resource allocations per stage is increased, individual TXOPs (i.e., individ-
ual resource allocations) are relatively short. This can reduce the observed delays of 
resource allocations of opponent players and leads to the definition of cooperation in 
Section 8.1.2.5. 

8.1.2 Definitions 
As a result of the analysis of the SSG, behaviors are defined in this section. Contrary 
to the classical game theoretical understanding (Mas-Colell et al., 1997: 233), behavior 
in the context of this thesis means a categorization of actions, not of strategies. A po-
tential change of action consists of decreasing and increasing i

demΘ  and i
dem∆  corre-

sponding to Equation (7.6). The definition of strategies is enabled in Section 9.3 
through the dynamic change of behaviors within repeated SSGs. The behaviors are 
summarized in the action portfolio of Figure 8.1 at the end of this section. 

8.1.2.1 Persistence 
A player i showing a behavior of Persistence demands always its requirement: 

ii
reqdem

i i
dem req

⎛ ⎞Θ⎛ ⎞Θ
⎜ ⎟⎜ ⎟ =

⎜ ⎟ ⎜ ⎟∆ ∆⎝ ⎠ ⎝ ⎠
 

The player has no intelligent decision making process and presents in this way a com-
munication protocol with no interaction capability, like for instance legacy 
IEEE 802.11(e) stations. Nevertheless, this behavior leads to satisfying results if no 
opponent is present. In the case of competition, the results are dissatisfactory due to 
the uncoordinated actions. 

8.1.2.2 Selfish 
The Selfish or Myopic behavior can be characterized as: 

ii
reqdem

i i
dem req

⎛ ⎞>> Θ⎛ ⎞Θ
⎜ ⎟⎜ ⎟ =

⎜ ⎟ ⎜ ⎟∆ ∆⎝ ⎠ ⎝ ⎠
 

A player following the Selfish behavior solely focuses on the own payoff, independent 
from the opponent’s action. In order to protect its own allocations, the player demands 
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nearly the complete medium in order to block out the opponent. In leaving the de-
manded period length near its requirement, the Selfish player’s demanded allocation 
scheme reduces the medium access possibility for the opponent and at the same time 
maximizes the player’s own payoff. 

8.1.2.3 Best Response 
A player i showing a behavior of Best Response selects the action corresponding to the 
highest expected payoff in the SSG as introduced in Section 7.4.5: 

i
req i i

dem demi
req i i

demdemi
req

,
−

−

⎛ ⎞⎛ ⎞Θ
⎜ ⎟⎜ ⎟ ⎛ ⎞ ⎛ ⎞ΘΘ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟∆ ⇒

⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ∆∆ ⎝ ⎠⎝ ⎠⎜ ⎟⎜ ⎟Ξ⎝ ⎠⎝ ⎠

 

The Best Response behavior takes the expected opponent action for the current stage 
i i

demdem( , )
− −

Θ ∆  into account when optimizing the player’s own payoff, which again is a 
function of the individual QoS requirements i i i

req req req( , , )Θ ∆ Ξ . Such a behavior can 
be considered as rational. The SSGs of rational players are analyzed under the focus of 
the existence of NEs in Section 8.2. Depending on the players’ requirement the game’s 
outcome of the SSG, i.e., resulting payoffs, may not be Pareto efficient. 

8.1.2.4 Punishment 
Punishment can be implemented in different ways. All actions of a player that reduce 
the utility of the opponent can be considered as punishment, because the player is 
aware of its influence on the opponent. Demanding more restrictive QoS targets than 
needed, sending a busy tone or transmitting empty data packets are examples for pun-
ishing the opponent. 

To analyze a potential interaction with the opponent, the player must be aware of its 
influence on the opponent’s payoff, i.e., in which way the own action increases or 
decreases the opponent’s payoff. Cooperation, as introduced below, leads to an in-
crease of the payoff. To influence the game outcome to the own advantage the player 
wants the opponent to cooperate, too. The threat of potential punishment may lead to 
an establishment of game wide cooperation, as discussed in Section 9.3.4.1. 

The QoS requirements are most decisive for the ability to punish and the danger of 
being severely punished: They determine the MinMax payoff i

minmaxV  from Sec-
tion 7.4.6. i

minmaxV  is the minimum payoff a player may observe in case of a behavior 
following a payoff maximizing Best Response and punishment by the opponent. If the 
QoS requirements are very restrictive, the payoff is heavily reduced by a relative small 
deviation of observation from the requirement. Such a player can be considered as 
weak in defending the own allocations against the opponent. On the other hand, a 
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player with a robust requirement is immune to payoff reductions resulting from small 
observation deviations. A detailed analysis of the SSG outcomes, as performed in 
(Berlemann, 2002; Mangold, 2003), leads to the following result: Player i is stronger 
than its opponent -i for 

i i i i
req req req req, .− −Θ > Θ ∆ > ∆  

Directly related to the question of strength is the issue of punishment: A player with 
requirements leading to actions that imply strength in resource allocation is much 
more difficult to punish through defection than a weak one. The most successful pun-
ishment of the opponent is reached in demanding the maximum values of the QoS 
parameters, by means of 

1
0 1

i
dem
i
dem

.
.

⎛ ⎞Θ ⎛ ⎞
⎜ ⎟ = ⎜ ⎟⎜ ⎟∆ ⎝ ⎠⎝ ⎠

 

The punishment of the opponent affects also the player’s payoff. Therefore, a less 
effective but nevertheless payoff related punishment is introduced in connection with 
the definition of “Defection” below. 

8.1.2.5 Cooperation 
A player i showing the behavior of Cooperation (C) attempts to gain higher payoffs 
than in a game of Best Response acting players. The C behavior of player i allows the 
opponent player -i to better meet its requirement although player i is not aware of the 
opponent’s QoS requirements. In the case of a same behaving opponent, all players 
benefit from cooperation. The cooperation is characterized as being beneficial for the 
opponent. At the same time C leads to a vulnerable position for the cooperating player 
and results often in highest payoffs in the case of game-wide cooperation. To define 
the C behavior, analytical evaluations and simulations have been performed under 
consideration of these characteristics, leading to the results discussed in (Berlemann, 
2002; Mangold, 2003).  

This analysis of potential SSG outcomes leads to the following definition of coopera-
tion: A cooperating player demands its required throughput and, independent from its 
requirement, a constant short period length of min∆ , leading to 

ii
reqdem

i
dem min

⎛ ⎞⎛ ⎞ ΘΘ
⎜ ⎟⎜ ⎟ =

⎜ ⎟ ⎜ ⎟∆ ∆⎝ ⎠ ⎝ ⎠
. 

An analysis of the tradeoff between collision probability and short period lengths, i.e., 
high number of short allocations per stage, reasons the definition of 0 008min .∆ = . 
This value results from a row of simulations which have indicated that it is a good 
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compromise between high collision probability and less frequent idle times. Through 
the common, requirement independent min∆ , all players have nearly the same strength 
within an SSG. 

8.1.2.6 Defection 
The definition of the behavior of “Defection” (D) reflects two aspects. On the one 
hand, D can be an intended act of ending an established game-wide cooperation for the 
purpose of increasing the own payoff. On the other hand, D can be the reaction to an 
opponent’s deviation from game-wide cooperation with the aim of punishing the op-
ponent in response. There are two possible definitions of a defective behavior: (i) The 
“Punishment” defined in Section 8.1.2.4, or (ii) the Best Response behavior as intro-
duced in Section 8.1.2.3. The first possibility is very successful in reducing the oppo-
nent’s payoff but leads on the other hand to a severe own payoff reduction. Contrary, 
the “Best Response,” as defection reflects the awareness of the players that a busy tone 
as defection is not suitable to provide interaction. Two players defecting with busy 
tones are not able to interact and to support any QoS. Therefore, the Best Response, as 
payoff maximization under consideration of an existing opponent, is much more suit-
able for the game model: The player maximizes its own payoff while reducing the 
opponent’s payoff. Thus the behavior of D corresponds in this thesis to the Best Re-
sponse from above. 

Defective behavior implies a negligence of future payoffs motivated for instance by 
the players’ support of applications on a “best-effort” basis like E-Mail. Applications 
with restrictive QoS requirements, as for instance video conferencing services, give 
one reason for cooperative behavior. 

8.1.2.7 Action Portfolio: Summary of Behaviors  
The actions that are available to a player, i.e., all combinations of demanded QoS 
parameters Θi

dem  and ∆idem , are illustrated in the action portfolio of Figure 8.1: Exem-
plary allocation schemes are depicted in each corner to illustrate the dependency of the 
allocations on the demanded QoS parameters. The case of (a) can be compared to 
leaving the game. Case (b) is an occupation of all resources for all time with a busy 
tone as introduced above as one option for realizing punishment. 

An action in the area of Selfish as behavior leads to an aggressive allocation scheme: 
A selfish player allocates a high share of capacity, i.e., long resource allocations, 
which are not necessary according to its current QoS requirements. Hence, this behav-
ior can be interpreted as blocking out the opponent completely in demanding a high 
share of capacity without regarding its own QoS requirements. 

The behavior of Cooperation intents to gain highest payoffs in the case of game-wide 
cooperation. Initially, Cooperation allows only the opponent player -i to meet its re-
quirements. Player i benefits from cooperation in the case of a cooperating opponent. 
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Nevertheless, cooperation implies weakness against a non-cooperating opponent, be-
cause the cooperating player can easily be blocked out. 

The compromise, in terms of mutual interference, between Cooperation and Selfish 
behavior is the Best Response/”Defection.” This behavior selects the action that would 
result in the highest expected payoff, provided the estimation of the opponent’s behav-
ior is accurate. 

In taking the definition of the utility function from Section 7.4.3 into account, regions 
can be identified in the action portfolio where the observed payoff of a player tends 
towards zero. A comparison by simulations of the different behaviors applied as static 
strategies in MSGs is discussed by Mangold (2003: 194-206). 

8.1.3 Behavior as Basis for Interaction 
From game history nH  the players form an individual table of expected payoffs on 
the basis of the common payoff table introduced in Table 8.1. This table defines the 
expected payoffs from an SSG of the two players depending on the classification of C 
or D. Player i’s C/D behavior is on the left column, player -i’s in the upper row. 

The game model and the basic IEEE 802.11e access mechanisms, i.e., the EDCA, to a 
shared resource are evaluated with the help of the simulator YouShi2, which is briefly 
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Figure 8.1: Portfolio of available actions, the corresponding utilities and the resulting 
consequences on the opponents. In each corner an exemplary allocation scheme is de-
picted. The marked area of fullled QoS requirements, limited through dashed lines, is 
desirable to reach for a player. 
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described in Appendix A. To outline potential interactions on the basis of the player’s 
behavior, Figure 8.2 illustrates a large set of SSGs simulated with YouShi2. The ob-
served payoffs in SSGs for both players, i

SSGV  for player i Figure 8.2(a) and -i
SSGV  of 

player -i Figure 8.2(b), are shown for different QoS requirements i i i
req req req( , , )Θ ∆ Ξ  of 

player i on the abscissa as well as depending on the behavior of both players, denoted 
as (behavior of player i, behavior of player -i), on the ordinate. One required QoS 
parameter of player i is varied in each game scenario while the opponents’ QoS re-
quirements remain fixed at 0 4 0 031 0 02i i i

req req req( , , ) ( . , . , . )− − −Θ ∆ Ξ = . The observed pay-
offs are averaged over the outcomes of 400 stages of two player SSGs. A third partici-
pating player which is not evaluated here but which is part of the QoS evaluation of 
Chapter 9 represents the contention-based access of both Wireless Local Area Net-
works (WLANs) (in IEEE 802.11e referred to as EDCA) with an overall load 
of 5 Mbit s . The EDCA player is introduced in detail in Appendix A. 

Two game scenarios are identified (dark gray marked) and transferred for combination 
to Table 8.2 and Table 8.3, without limiting the generality of the game approach. The 
left four gray marked values in Figure 8.2 (a) and (b) form the game scenario I of 
Table 8.2 with 0 4 0 05 0 02i i i

req req req( , , ) ( . , . , . )Θ ∆ Ξ = , while the right gray marked val-
ues form game scenario II of Table 8.3 with 0 1 0 05 0 02i i i

req req req( , , ) ( . , . , . )Θ ∆ Ξ = . An 
SSG-based analysis of these two scenarios shows that in the case of Table 8.2 behavior 
“(D,C)” and in the case of Table 8.3 behavior “(D,D)” is the unique NE marked gray 
in the respective table. The NE is thus a stable operation point, where neither player 
can gain a higher payoff as introduced below in Section 8.2.1. 

Within a game scenario the relative difference between the players’ payoffs depending 
on the own and opponent’s behavior is decisive for the course of interaction and the 
existence of cooperative game outcomes. From player i's point of view the payoff 
difference of i i

CC CDV -V  implies the strength of punishment after an own defection and 
return back to cooperation thereafter. The benefit from cooperation may be considered 
as i i

CC DDV -V . The term i i
CC DCV -V  reflects the temptation to defect. Additionally, the 

difference of i i
DD CDV -V  can be regarded as the possibility of rescuing the own payoff 

after opponent defection. In game scenario I the opponent player -i is not able to in-
crease its payoff in switching from cooperation to defection, because of -i -i

DD DCV V< , 
contrary to game scenario II. This is also depicted in Figure 8.2(b) and reasons the 
different NEs. For further understanding it is referred to the bargaining domains de-
picted in Figure 8.3 and Figure 8.4 which are discussed in Section 8.2.3. 

8.1.4 Classification 
The classification of the opponent’s behavior and vice versa is a basic requirement for 
interaction: Dynamic (trigger) strategies are used by players to change behaviors from 
stage to stage. They consider the strategies of opponent players. An opponent’s strat-
egy needs to be understood by a player that operates with such a dynamic strategy. 
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Due to the lack of direct information exchange, it is impossible for a player to identify 
the opponent’s strategy in the game model, unless behaviors are altered by the oppo-
nent in an intelligent way. Players therefore have to classify the opponent’s behavior 
by differentiating between two possible intentions: Cooperation and defection. Players 
are aware of the influence of their demanded allocations on the opponent and vice 
versa. Consequently, they are able to identify a specific intended behavior. 

The players are able to conclude from the own observed payoff in an SSG on the op-
ponent’s behavior under consideration of the own behavior: From player i's point of 
view classification is realized through the statement of 
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Figure 8.2: The payoffs of SSGs of two players depending on their behavior. The QoS requirement 
of player i is varied while the opponent’s requirement is fixed: 0 4 0 031 0 02

i i i

req req req
( , , ) ( . , . , . )

− − −
Θ ∆ Ξ = . The 

dark gray scenarios are considered in the rest of the thesis and transferred to Table 8.2 and Table 8.3. 
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 ( ) ( ) ( ) ( )i i i i
SSG SSG SSG SSGV C,D V C,C , V D,D V D,C .< <  (8.1) 

These equations are based on the assumption that an opponent’s defection (D) implies 
a reduced payoff if player i is cooperating (C) or defecting (D) respectively. Note from 
player -i’s point of view this assumption leads to 

( ) ( ) ( ) ( )i i i i
SSG SSG SSG SSGV D,C V C,C , V D,D V C,D .− − − −< <  

The applicability of Equation (8.1) can be seen for example in Figure 8.2(a): In com-
paring the second row (C,D) of the payoff values with the third row (C,C) and the first 
row (D,D) with the fourth row (D,C). The classification fails only for 0 07i

req .∆ =  and 
0 08i

req .∆ = , where ( )i
SSGV C,D  and ( )i

SSGV C,C  are nearly equal and zero. 

8.2 Equilibrium Analysis 
The outcome of an SSG, namely the payoff as defined in Equation (7.11), depends on 
the observed QoS parameters, which can be determined by the players through the 
analytic model of Mangold (2003). It is interesting to analyze whether these outcomes 
are steady and/or payoff maximizing. Therefore, in an SSG of rationally acting players 

Table 8.1: Common payoff table for an SSG of two players depending on 
their behavior. 

Pl. i ↓  Pl.-i → D C 

D i -i
DD DDV ,V  i -i

DC DCV ,V  

C i -i
CD CDV ,V  i -i

CC CCV ,V  

Table 8.2: Game scenario I. Simulated SSG payoffs. There is one NE 
(marked gray) as also illustrated in Figure 8.3: (D,C), namely (0.71,0.35). 
���������������Ĉ����������H�H�Ĉ─ent, only (D,D) 
is not Pareto efficient. 

Pl. i ↓  Pl.-i → D C 

D (0.32,0.04) (0.71,0.35) 

C (0.24,0.77) (0.44,0.70) 

Table 8.3: Game scenario II - “Prisoners’ Dilemma”. The players’ payoffs 
from simulated SSGs are depicted. There exists one NE (marked gray) as 
also illustrated in Figure 8.4: (D,D), namely (0.38,0.59). All outcomes are 
Pareto efficient except for this NE (D,D). 

Pl. i ↓  Pl.-i → D C 

D (0.38,0.59) (0.69,0.44) 

C (0.27,0.78) (0.44,0.70) 
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the existence of a Best Response action on the expected opponent’s action has to be 
considered. In addition, the uniqueness and stability of such an action is of interest for 
the players’ decision making process, which action to take. A commonly used solution 
concept for the question which action should be selected in an SSG is the Nash2 Equi-
librium solution concept (Nash, 1950). 

8.2.1 Definition of Nash Equilibrium 
In general, a Nash Equilibrium (NE) is a profile of strategies such that each player’s 
strategy is a best response to the other players’ strategy. Here, in the context of the 
SSG the players’ strategy consists of a single specific action. This action leads to an 
observed payoff, as outcome of the SSG. More formal, the NE is defined as follows: 

Definition 8.1 (Osborne and Rubinstein, 1994) A Nash Equilibrium in 
the Single Stage Game is a vector of actions i ia* ( a *,a * ) A−= ∈ , with 

i
i NA A∈= ×  with the property that for every player i ∈ Ν , the action 

ia *  is preferred to any other action ia , provided that the opponent takes 
the action ia *− , that means i i i i

i( a *,a * ) ( a ,a * )− −  for all i ia A , i∈ ∈Ν . 
Here, ia− denotes ja , j i≠  with i, j ∈ Ν . 

i
i NA A∈= ×  means thereby the set (combination) of all actions of the players. Follow-

ing Fudenberg (1998), NEs are consistent predictions of how the game will be played. 
In the sense that if all players predict that a particular NE will emerge then no player 
has the incentive to play differently. Thus, an NE, and only an NE, can have the prop-
erty that the players can predict it; predict that their opponents predict it, and so on. 
The NE is a value for the game’s stability. If it is successfully established the game has 
a steady and therefore predictable outcome. From the technical point of view, the ob-
served QoS parameter in a NE can be seen as a lower limit for the QoS that can be 
guaranteed in a competition scenario of rational players. 

8.2.2 Existence of Nash Equilibrium 
An SSG does not necessarily have a Nash Equilibrium. But an existing NE implies 
that a repeated game has a steady state solution. In this NE the best response on given 
opponent’s demand does not change from stage to stage for both players. In the fol-
lowing conditions under which NEs exist are presented following Osborne and Rubin-
stein (1994). 

An NE is given, if an action profile a*  such that i i ia * B ( a *)−∈  for all i N∈ exists. 
In defining B : A A→  by i N i iB( a ) B ( a )∈ −= ×  this equation is simplified to a vector 
with the form of a* B( a*)∈ . With the help of the following “Kakutani’s fixed point 
theorem”, the existence of a*  for which a* B( a*)∈  can be shown: 

Theorem 8.1 (Osborne and Rubinstein, 1994: 20) Let X be a compact 
convex subset of n  and let f : X X→  be a set-valued function for 

2 John F. Nash (*1928), mathematician, Nobel price in economic science 1994 
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which 
        -  for all x X∈  the set f(x) is nonempty and convex 
        -  the graph of f is closed (i.e., for all sequences n{ x }  and 

n{ y }  such that n ny f ( x )∈  for all n , nx x→  and ny y→ , we have 
y f ( x*)∈ ). 

Then there exists x* X∈ such that x* f ( x*)∈ . 

According to the theorem above, the following requirements for the existence of a 
Nash equilibrium in a strategic game for all i N∈  can be formulated: 

• the set iA  of actions of a player i is a nonempty, compact, convex subset of an 
Euclidian space and the preference relation i  is 

o continuous 

o quasi-concave on iA . 

These conditions are necessary for the existence of at least one Nash Equilibrium. 
There are possible SSGs with more than one equilibrium and these multiple Nash 
Equilibria can be differed from each other under consideration of Pareto efficiency 
introduced below.  

See Mangold (2003: 176-178) for the proof that the payoff function of the game model 
presented in this thesis matches to these requirements. 

8.2.3 Nash Equilibrium in Single Stage Games 
The bargaining domain, as comparison of the players’ payoffs from an SSG, is shown 
in Figure 8.3 in order to illustrate game scenario I, Table 8.2. Starting with a game-
wide behavior of cooperation (C,C), both players have the incentive to deviate from 
cooperation to gain a higher payoff. In the case of player -i first leaving the coopera-
tion (marked with “ ” in the figure, gray dotted line) and deviating to (C,D), player -
i's payoff is increased, while player i observes a reduced payoff compared to the origin 
of (C,C). Consequently, player i decides to save (rescue) its payoff, and to punish the 
opponent in changing its behavior to defection ( ). The resulting payoff reduction in 
(D,D) for player -i stimulates its return to cooperation ( ). As player i has no incen-
tive, i.e., an expected higher payoff, to leave (D,C), a stable point is reached. The same 
applies for the case of player i deviating as first from cooperation ( , solid line). Thus, 
in this specific game scenario, (D,C) is a stable point where neither player can gain a 
higher payoff and has thus no intention to deviate: (D,C) is an NE.  

Contrary game scenario II, Table 8.3: As illustrated in the bargaining domain of 
Figure 8.4, the “Prisoners’ Dilemma” has its unique NE in the behaviors of “(D,D)”. 
Originating in game-wide cooperation (C,C), both players switch to defection in case 
of opponent defection and remain there. 
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8.2.4 Definition of Pareto Efficiency 
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Figure 8.3: Bargaining domain of game scenario I of Table 8.2. Originated 
in a game-wide cooperation, a unique NE (here: (D,C)) is reached. 
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Figure 8.4: Bargaining domain of game scenario II of Table 8.3. Originated 
in a game-wide cooperation, a unique NE (here: (D,D)) is reached. 
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A central microeconomic concept to judge outcomes of a game is the Pareto effi-
ciency: An SSG outcome is called Pareto efficient if neither player can gain a higher 
payoff without decreasing the payoff of at least one other player. A non Pareto effi-
cient situation is not a preferable outcome of a stage because a rational player could 
improve its payoff without changing the game model and the situation of the other 
participating players. The following definition highlights the concept of Pareto effi-
ciency, which is also referred to as Pareto optimality: 

Definition 8.2 (Shubrik, 1982: 347) Let the payoff iV ( a )  be a function 
from A  to , and consider an action profile represented by the point 

i ia ( a ,a ) A−= ∈ , with i ∈ Ν , Ν  being the set of players of a game. The 
action profile (the point) is said to be Pareto efficient (or Pareto optimal) 
if there is no other action profile i ia' ( a ',a ') A−= ∈  such that 

i iV ( a' ) V ( a )≥  for all i ∈ Ν  and i iV ( a' ) V ( a )>  for at least one i ∈ Ν . 

The Pareto efficiency enables a judgment of game outcomes, especially in the case of 
multiple NEs. NEs are stable and predictable points of operation in SSG in which the 
players adjust into in case they are acting rational. It is shown in (Mangold, 2003) that 
at least one NE exists in the SSG. If the NE is unique, the corresponding actions can 
be predicted by the players as a result from rational behavior. The NE is referred to as 
Pareto efficient if none of the players can improve its payoff without decreasing the 
payoff of any of the other players. Thus, the radio resource is optimally used by the 
spectrum sharing players.  

In general, there may exist action profiles in SSGs that lead to higher payoffs com-
pared to the SSG outcome in the NE. In such a case, the NE is not Pareto efficient and 
actions by all players may optimize the payoffs of all players. In case of multiple NEs 
the Pareto efficiency is a criterion to assess these NEs in order to find the most prefer-
able one. The bargaining domain of the succeeding section further illustrates the 
judgment of game outcomes with the help of the Pareto efficiency.  

8.2.5 Bargaining Domain 
The bargaining domain of Figure 8.5 contains a subset of all possible SSG outcomes, 
by means of players’ payoffs i i(V |V )− , corresponding to an action pair of player i 
and -i i i( a | a )− . Here, the actions belong to a discrete set. The corresponding SSG 
outcomes, i.e., payoff pairs, are calculated with the help of the analytic model of Man-
gold (2003). The bargaining domain supports the judgment of potential SSG outcomes. 
Depending on the players’ QoS requirements i i i

req req req( , , )Θ ∆ Ξ  and 
i i i

req req req( , , )− − −Θ ∆ Ξ , none, a unique NE or several NEs can be found. Here, the game 
scenario has a unique NE with the actions player i demanding a throughput of 0.5 and 
a period length of 0.032 while the opponent -i demands 0.54 and 0.03 respectively. 
The corresponding utilities are 0.913 and 0.872, as depicted in Figure 8.5. This NE, 
which is not Pareto efficient, can be considered as a minimum for the reachable utili-
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ties of both players. In this way a lower but nevertheless predictable limit for the sup-
port of QoS is given. A further analysis indicates that this unique NE is reached as a 
steady outcome of a Multi Stage Game (MSG) if both players follow the Best Re-
sponse behavior. 

The single NE enables a definition of a Pareto Frontier (Mas-Colell et al., 1997: 313). 
The Pareto Frontier marks the reachable outcomes under a Best Response behavior. 
All outcomes outside the Pareto Frontier are characterized by Pareto domination of 
the NE. The game scenario illustrated in Figure 8.5 has a multitude of Pareto efficient 
outcomes, which border the payoffs from all SSGs at the right and upper corner of the 
bargaining domain. The payoff pairs with a maximum payoff for each player that lie 
on this border line are depicted in Figure 8.5. For player -i it is located in the upper left 
area of the bargaining domain (see ) and for player i in the lower right area (see ). 
A special Pareto efficient outcome is located in the upper right area (see ) with the 
longest distance to the origin of the bargaining domain. There, both players gain, con-
trary to the other two Pareto efficient outcomes, a higher payoff than in the NE. As a 
result, both players can improve their payoffs through interaction, compared to utilities 
in the NE. This interaction is referred to as cooperation to the benefit of all players and 
is the motivation for the focus on MSGs in the next chapter. Additionally, the sum of 
both players’ payoffs has in  the highest value of all in the bargaining domain. It can 
therefore be regarded as a social optimum. 
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The above-introduced game model of a Single Stage Game (SSG), including the be-
havior of a player, enables the introduction of an additional degree of interaction: The 
dynamic interaction in repeated SSGs that form a Multi Stage Game (MSG) coordi-
nated through strategies.  

Players estimate future expected outcomes of an MSG based on the discounted SSG 
payoffs as introduced in Section 9.2. The MSG outcomes depend on the players’ strat-
egy, which are differentiated in Section 9.3 into static, dynamic trigger and adaptive 
strategies. In the context of adaptive strategies, the establishment of cooperation 
through punishment, tolerance and forgivingness are discussed in Section 9.3.4. The 
existence of Nash Equilibria (NEs), i.e., steady outcomes, within strategies on the 
basis of the payoff is analyzed in Section 9.4. The necessary step of abstraction in 
introducing the utility is reversed in Section 9.5 in evaluating the Quality-of-
Service (QoS) outcomes of MSGs in dependency on the player’s strategy. This leads 
to a refinement of the results and ends up in the conclusions of this chapter in Sec-
tion 9.6. 

9.1 Game Model 
The structure of the MSG can be characterized as follows: 

• The MSG consists of a finite number of stages, and the end of the MSG is un-
known to players (which allows a modeling of the game as infinitely repeated 
games), 
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• players may observe different outcomes and maintain their own local informa-
tion base about the status of the game: Information is non-symmetrically dis-
tributed among players, 

• the actions are taken (behaviors are selected) at the beginning of each stage, 

• there are no mixed strategies, hence, there is no probability distribution associ-
ated with the set of available behaviors: A player takes one single action at the 
beginning of each SSG, 

• at each stage, players obtain a history nH  of observed outcomes of the past 
stages. 

Technical restrictions, as for example the battery power of a mobile terminal, limit the 
duration of the MSG, hence there are no games with infinite duration. A finitely re-
peated game with known end is solved with backward induction: From the known end, 
the outcome of the last stage can be calculated. Based hereon the outcome of the pre-
vious stage and all other outcomes back to the beginning of the game are determinable. 
This backward induction is not possible in case the end of an MSG is unknown to the 
players. It is assumed that players do not know when the interaction ends; hence the 
MSG is a finitely repeated game with an unknown but existing end. Nevertheless, it 
can be assumed that the MSG has no limited time horizon and the MSG may be re-
garded as infinite: 

“A model with infinite horizon is appropriate if after each period the 
players believe that the game will continue for an additional pe-
riod.” (Osborne and Rubinstein, 1994: 135) 

Therefore, it is legitimate to apply the same games as if the MSG would be infinite. 

9.2 Discounting of Future Payoffs 
When selecting how to access the medium, players take into account the expected 
results (the expected utilities) of the instantaneous stage, but should also take into 
account the effects of their decisions on the payoffs of future stages. This is usually 
expressed through weighting the stages. Players give present payoffs a higher weight 
than potential payoffs in the future, because of the uncertainty of those future results. 
A known approach to model this weighting of the future is to discount the payoffs for 
each future stage of a game. Therefore, a discounting factor λ , 0 1< λ < , is defined 
which reflects in the present stage the worth of future payoffs of following stages. 

A λ  near one implies that future utilities are considered similarly to the payoff of the 
current stage. Thus, the player tends to cooperate to enable a high long-term payoff. 
Contrary, a player with a λ  near zero only has its focus on the present payoff and 
completely neglects potential future payoffs resulting into non-cooperating defection.  
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The exact value of this discounting factor λ  is determined by the applications that are 
supported by the player (as it is also the case for the shape of the utility function). It is 
derived from the technical requirements of the QoS traffic types resulting from the 
applications supported by the players. See Table 9.1 for different QoS traffic types and 
the corresponding discounting factors λ  determined through QoS sensitivities from 
(Dutta-Roy, 2000). A definition near to the 802.11e standard is introduced in Table 9.2, 
but is not used in this thesis. The QoS traffic types and the corresponding discounting 
factors λ  are determined through different access categories of IEEE 802.11e (IEEE, 
2005d), which are derived from the technical report IEEE 802.1D (IEEE, 1998). 

Under the assumption that a large number of stages is left to be played, player i’s pay-
off i

MSGV  of an MSG is defined as the sum over its payoffs i
nV  of stage n discounted 

with iλ  (Berlemann, 2003: 34; Mangold, 2003: 192): 

 ( ) 1 0
1

ni i i i i
MSG n n ni

n 0
V V V , if V const. n ...

∞

=
= λ = = ∀ = ∞

− λ
∑  (9.1) 

9.3 Strategies 
In MSGs, strategies determine the behaviors for each individual SSG. Players try to 
optimize their payoff in applying adequate strategies. Using a state model as defined in 
Figure 9.1(a), a strategy describes the alternatives of a player. Each state represents a 
certain behavior. A strategy also models under which circumstances a transition from 
one state to another happens; hence, it models the decision-making. This thesis only 

Table 9.1: Discounting factors of different QoS traffic types based on (Dutta-Roy, 2000). 

Sensitivities Traffic Type 
Throughput (Θ) Loss Delay (∆) Jitter (Ξ)

λ  

E-Mail Low High Low Low 0.5 
Browsing Low Medium Medium Low 0.6 
Voice Very low Medium High High 0.75 
Video Conferencing High Medium High High 0.9 
Multicasting (Network Control) High High High High 1 

Table 9.2: Discounting factors of different QoS traffic types based on IEEE 802.11e, which are 
derived from the technical report IEEE 802.1D. 

Traffic Type 802.1D  
Priority 

802.11e  
Access Category λ  

Best Effort 0 0 0.25 
Excellent Effort 3 1 0.5 
“Video,” < 100ms latency and jitter 5 2 0.75 
“Voice,” < 10ms latency and jitter 6 3 0.9 
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allows what is in game theory referred to as a “pure” strategy (Fudenberg and Tirole, 
1998): Players have to choose one specific behavior for each stage, and cannot per-
form soft decisions by assigning probabilities to different state transitions. Following 
Osborne and Rubinstein (1994), strategies can be interpreted as social norms in re-
peated interaction:  

“Social norms are isolated types of strategies that support in any game 
mutually desirable and thus stable utilities”  

In other words, strategies enable QoS support independently from the opponent’s 
strategy and QoS requirements. This section mainly discusses MSGs of two players. 
Thus the focus is on strategy pairs of these two players, denoted as (Strat-
egy of player i |Strategy of player -i ). Further, this thesis distinguishes between static 
and dynamic (trigger) strategies, as explained in the following.  

9.3.1 Static Strategies: Cooperation and Defection 
Static strategies are the continuous application of one behavior without regarding the 
opponent’s strategy. In static strategies, there is no state transition, and the state model 
contains one single state. In this thesis’ approach, the set of available static strategies 
is reduced to two: The cooperation strategy (COOP) is characterized through cooper-
ating every time, independently from the opponent’s influence on the player’s payoff. 
The COOP strategy is to the benefit of a player if the opponent cooperates as well. 
Figure 9.1(b) illustrates this simple strategy of following a cooperative (C) behavior. 
Equivalently to the COOP strategy, the defection strategy (DEF) consists of a perma-
nently chosen behavior of defection (D). Figure 9.1(c) illustrates the DEF strategy as a 
state machine.  

9.3.2 Dynamic Strategies: Random and DEF5of10 
A strategy that implies changes in behavior during the course of an MSG may be re-
ferred to as dynamic strategy. In order to analyze whether a random play with a lot of 
changes in behavior or an aimed interaction, resulting into a stable course of the game, 
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state behavior

initial state
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9090

n=1
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9090

n=1

 

(a) Notation of Osborne 
and Rubinstein (1994) 

(b) COOP (c) DEF 

Figure 9.1: Strategies as state models (a). The static strategies of coop-
eration (b) and defection (c). 
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is to the advantage of a player, the dynamic strategy of RANDOM is introduced: This 
strategy, as depicted in Figure 9.2(a) implies a 50 percent change for either coopera-
tion (C) or defection (D). This RANDOM strategy is compared in Section 9.4.2 to the 
DEF5of10 strategy of Figure 9.2(b) results into five stages of C followed by five 
stages of D with again five stages of C thereafter and so on. The DEF5of10 is a varia-
tion of the RANDOM strategy from above and indicates that arbitrarily many addi-
tional strategies exist. 

9.3.3 Dynamic (Trigger) Strategies: Grim and TitForTat 
Trigger strategies are well known in game theory and have been analyzed for the first 
time by Friedman (1971). A trigger strategy is a dynamic strategy where the transition 
from one state to another state is event-driven; an observed event triggers a behavior 
change of a player. Depending on the number of states (the number of behaviors a 
player may select), a large number of trigger strategies is possible. For the sake of 
simplicity, the familiar Grim (GRIM) and TitForTat (TFT) trigger strategies are ap-
plied in the following. A player with a GRIM strategy punishes the opponent for a 
single deviation from cooperation with a defection forever. A player applying this 
strategy may be referred to as an unforgiving player. The initial state of the GRIM 
strategy, selected at the first stage of the MSG, is however the cooperation. The player 
cooperates as long as the opponent cooperates, and the transition to defection is trig-
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Figure 9.2: The dynamic strategies RANDOM (a) and DEF5of10 (b) as 
state models. 
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Figure 9.3: The dynamic trigger strategies GRIM (a) and TitForTat (b) as 
state models. Once GRIM entered D, it will never return to C. 
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gered by the opponent’s defection. See Figure 9.3(a) for an illustration of the state 
machine of the GRIM strategy. The TFT strategy selects cooperation as long as the 
opponent is cooperating, similar to the GRIM strategy, also with cooperation in the 
initial stage. An opponent’s defection in stage N triggers a state transition and is pun-
ished by defection in the following stage N+1, as illustrated in Figure 9.3(b). However, 
in contrast to the GRIM strategy, TFT changes back as soon as the opponent cooper-
ates again. The TFT strategy is well known in game theory and social science. The 
advantage of the TFT strategy is on the one hand that it motivates opponent players to 
cooperate (because of the potential punishment), and on the other hand the robustness 
when applied in non-cooperative environments, where opponent players often defect. 

9.3.4 Adaptive Strategies 
The opponent’s strategy is unknown to the player. Nevertheless, the resulting behavior 
can be observed and classified. Consequently it is preferable to have flexible strategies, 
which enable the player to individually adapt the own strategy during an MSG to the 
opponent’s ones. The players have in general the intention that all players within the 
game can find their optimal strategy to a better outcome for all. The above-introduced 
strategies form a skeleton for a further refinement of the dynamic interaction. These 
necessarily more common strategies are called adaptive strategies which are derived 
from the trigger strategies above; paying tribute to the limited information about the 
opponent within the MSG. Depending on the player’s payoff table which is unknown 
to the opponent a player may adapt its strategy to achieve the strategy’s intention in an 
optimal way.  

Therefore, in the following a learning process of the player is introduced, which adapts 
the player’s strategy to the opponent’s one. The possibility of interaction is outlined 
with the help of the game scenario I of Table 8.2. 

9.3.4.1 Establishment of Cooperation through Punishment 
Player i only cooperates in an MSG if i gains a higher payoff than in deviating from 
cooperation. Therefore the temptation to defect i i

CC DCV V− , the difference between 
punishment payoff i

CDV  and defection payoff i
DCV  as well as the player’s discounting 

factor iλ  has to be considered, leading on the basis of Equation (9.1) as derived in 
(Berlemann et al., 2003b) to 

 
i i

i CC DC
i i

CD DC

V V
V V

−
λ >

−
 (9.2) 

Figure 9.4 provides a basic understanding with the help of the exemplary player i of 
the example scenario I from Table 8.2. In the figure, the MSG outcomes of player i are 
shown. The lines mark the pre-calculated payoffs, determined at the time of the 
player’s decision which strategy to choose. The crosses show the real discounted ob-
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served payoffs from simulated MSGs with YouShi2. A third EDCA player influences 
again the payoffs in the simulated MSGs, while it is not considered in the analysis. 
Player i deviates for a single stage and is consequently punished by the opponent. 
Depending on the intensity of the punishment, i.e., the number of stages with punish-
ment, the players discounted payoff from this single defection is higher than the payoff 
because of pure cooperation. If the payoff from cooperation i

COOPV  is higher than the 
defection payoff, cooperation can be established through the credible threat of pun-
ishment sustained by the opponent. For example in the case of 0 8i .λ = , player i has to 
expect a punishment of four times 4( n )=  that it remains in cooperation: Equa-
tion (9.2) is invalid for 4n ≥ , see Figure 9.4(a).  

For small values of iλ  the player i gives the short term payoff gain (which is achieved 
by defection) a higher value than the long term gain (achieved by cooperation), see 
Figure 9.4(b) for 0 6i . .λ =  Thus cooperation cannot be established when this discount-
ing factor is selected. Here, the player can be forced to cooperate for discounting fac-
tors in range of 0 672 1i. < λ < , as can be calculated with Equation (9.2). For values of 

iλ  below 0 672. ,  no cooperation can be enforced, even if punishment has an infinite 
duration. 

9.3.4.2 Tolerance before Punishment 
The similar analysis as in the previous section may be done for the consequences of a 
punishment executed by player i on its own payoff (Berlemann, 2003): As a punish-
ment may imply an own payoff reduction as well, a player may tolerate certain stages 
of defection by the opponent if the resulting payoff reductions is smaller then the pay-
off reduction from punishing the opponent. The player’s discounting factor iλ  is again 
decisive for the number of tolerated stages of defection. 
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9.3.4.3 Forgivingness 
A punishment may be executed forever after a single opponent defection as it is the 
case for the GRIM strategy of Section 9.3.3. Having the potential benefit from coop-
eration in mind, player has to forgive an opponent defection after a certain period of 
time. In selecting a cooperative behavior from time to time, the player offers the oppo-
nent cooperation in the hope to reach game-wide cooperation. The forgivingness is 
part of the n-Tat part of the adaptive TFT introduced in the following. 

9.3.4.4 N-Tit for N-Tat Strategy 
This section introduces an adaptive strategy which considers the previously introduced 
aspects of: (i) variable strength of punishment as well as (ii) tolerance before executing 
a punishment. Such a strategy on the basis of the TFT strategy can be referred to as n-
Tit for n-Tat (nTFnT) strategy by Anatol Rapoport (Axelrod, 1984), as also shown in 
the state machine of Figure 9.5: The n-Tit part reflects the strength (i) while the n-Tat 
part stands for the tolerance (ii). The relative difference between the payoffs in the 
SSG, corresponding to both players’ behaviors, is decisive for the choice of the strat-
egy. In the face of the manifoldness of the game scenarios as depicted in Figure 8.2 is 
the nTFnT strategy suitable for an individual adaptation to the opponent’s strategy to 
enforce a stable course of the MSG for a better capability of QoS support. The nTFnT 
strategy can be regarded as TFT with memory but also erasure. 

More sophisticated approaches to learning in games are discussed for instance in 
(Fudenberg and Levine, 1998). 

9.4 Equilibrium Analysis 
This section analyzes MSGs under the microeconomic aspects of welfare, constant 
requirements, evolving demands, and the resulting payoffs. Throughout the course of 
MSGs, players attempt to optimize their payoffs by changing their behaviors when 
needed. Each player follows a strategy to determine what behavior to select in a stage. 
In evaluating the payoff, MSG NEs for optimized QoS support are determined. Ini-
tially, the following section answers in general the question whether a random play 
that implies many changes in behavior or an aimed interaction, resulting into a stable 
course of the game, is to the advantage of a player. 
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Figure 9.5: State machine of the adaptive strategy n-Tit for n-Tat. 
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9.4.1 Subgame Perfection 
According to Osborne and Rubinstein (1994), if the SSG is repeatedly played, the 
mutual desirable outcome of game wide cooperation is the steady outcome in MSGs. 
This is the case if each player believes that a defection will terminate the cooperation, 
leading to an essential loss of payoff for it that outweighs the short term gain during 
defection. The notion of a subgame perfect equilibrium implies the credible threat of 
punishment: The punishers must have the incentive to carry out a necessary punish-
ment even if an own payoff reduction is combined with it. Sometimes it is sufficient 
that the punishment lasts for a limited number of stages followed by a return to the 
mutual benefiting cooperation.  

The players’ behavior through the MSG defines the equilibrium path, which is given 
by the strategy that leads to the NEs of an MSG. Although the game will follow this 
equilibrium path, the threat of punishment has to be hold up by the players. Otherwise 
a player would leave this equilibrium path to maximize its expected payoff. Theorem 
9.1 defines the subgame perfectibility of a strategy profile s , here given by (Strat-
egy of player i |Strategy of player -i ). 

Theorem 9.1 (Fudenberg and Tirole, 1998: 109) In a finite MSG with 
observed actions, strategy profile s  is subgame perfect if and only if it 
satisfies the condition that no player i can gain by deviating from s  in a 
single stage and conforming to s  thereafter. More precisely, profile s  is 
subgame perfect if and only if there is no player i and no strategy iŝ  
that agrees with is  except at a single stage t and game history in this 
stage tH , and such that iŝ  is a better response to is−  than is  condi-
tional on tH being reached. 

The notion of a subgame perfect equilibrium enables an elimination of the Nash Equi-
libria which contain incredible threats in Section 9.4.3.4. 

9.4.2 Random Play or Aimed Interaction? 
Figure 9.6 and Figure 9.7 depict the MSG outcomes of the RANDOM and DEF5of10 
strategies applied by player i against player -i, having a TFT strategy. The QoS re-
quirements of the players correspond to game scenario I of Table 8.2. The MSGs are 
evaluated over 400 stages, an accurate identification of the opponent’s behavior is 
assumed. A third player represents the contention-based access. The overall load 
equals 5 Mbit s . Figure 9.6(a) and (b) depict the occurrence probability of the behav-
ior combinations, the observed payoffs of player i and its mean payoff in the SSGs 

i
SSGV∅ . The bars of the behaviors’ occurrence probability are located at the payoff 

values corresponding to the payoff table of scenario I in Table 8.2. This enables a 
comparison of the players’ assumed payoffs to the in fact observed payoffs during the 
play of the MSG. The decision about the chosen strategy at the beginning of the MSG 
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player playing against TFT. Occurrence probability of behavior and payoff (a),(b). Players have 
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is based on the players’ assumed payoffs. It is observable that the payoffs in both 
MSGs of changing behaviors spread over a certain distance around the players’ deci-
sion process assumed payoffs. The main difference between the DEF5of10 and 
RANDOM strategy is the occurrence probability of the transition states (C,D) and 
(D,C) reasoned through the more often change of behavior of the RANDOM strategy 
in comparison to the DEF5of10 strategy: The opponent player -i with its TFT trigger 
strategy needs at least one stage to notice a change in the behavior of player i, until it 
is able to react. In case of the considered game scenario I, the defection gain - the SSG 
payoff from (D,C) - followed by punishment - the SSG payoff from (C,D) - is higher 
than the payoffs corresponding to equal behaviors (C,C) and (D,D): Thus the 
RANDOM strategy leads to a higher average SSG payoff than DEF5of10. In the con-
text of observed QoS this statement has to be refined: Figure 9.6(c) depicts therefore 
the complementary Cumulative Distribution Function (CDF) of the players’ observed 
delays i , i

obs
−Ξ  and their throughputs i , i

obs
−Θ . The more stable course of the MSG of 

DEF5of10 results for both players into a higher probability of shorter delays in com-
parison to the RANDOM strategy. Both players fulfill their throughput requirement 
adequately. In terms of a minimum delay guarantee, the RANDOM strategy results for 
player i in this specific game scenario to a shorter value. This is reasoned as follows: 
SSGs of defection, i.e., (D,D), are to the disadvantage of player i resulting into higher 
delays. A comparison of Figure 9.6(a) and Figure 9.6(b) indicates that in case of the 
strategy DEF5of10 the occurrence probability for (D,D) is much higher than for the 
RANDOM strategy. In game scenario II, which is evaluated in Figure 9.7, the 
DEF5of10 strategy of player i performs better than in Figure 9.6(c): The resource 
allocation delays of DEF5of10 are in this scenario shorter than for the RANDOM 
strategy, i.e., the CDF has no tail.  

In summary, the answer to the question of this section’s heading depends on the con-
sidered game scenario: In the case scenario I the players have comparable QoS re-
quirements and thus the same strength, contrary to scenario II. This is reflected in the 
(D,D) payoff values of Table 8.2 and Table 8.3 as well as in the delay CDFs of 
Figure 9.6(c) and Figure 9.7. In scenario II the DEF5of10 strategy with fewer changes 
in behavior is clearly the better choice leading to a more stable course of the MSG. 
The players aim at predictability and chose a strategy with few fluctuations in their 
behavior, if it is to their benefit. This is for instance the case in the Prisoner’s Dilemma 
of game scenario II. 

9.4.3 Nash Equilibrium in Multi Stage Games 
To continuously guarantee QoS by achieving predictable outcomes, even on a mini-
mum predictable level, the players intend to establish a steady state. In this state, be-
haviors do not change significantly, and future outcomes are predictable. Typically, 
the players attempt to influence this steady state to their advantage. The NE of an SSG 
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implies Best Response actions with satisfying outcomes and is the basis for analyzing 
steady states in MSGs. 

In extending the scope on multiple stages the level of potential interaction increases. 
The players have to consider future stages in their decision which action to choose for 
the actual stage. Therefore, static and dynamic trigger strategies are considered to 
improve the SSG outcomes in steady state. In this context the concept of the NE has to 
be extended to MSGs: Up to here, this thesis considered Nash equilibria for SSGs, 
now this section concentrates on finding Nash equilibria for MSGs. The NE of an 
MSG is based on the players’ strategies for the MSGs, as opposed to actions for the 
SSG. A pair of strategies is not a NE if any strategy can be found under whose appli-
cation either player would gain a higher payoff. No player can gain a higher payoff in 
deviating from a strategy for a single stage and returning thereafter to this strategy. 
Thus, the NEs considered in this section are subgame perfect corresponding to Theo-
rem 9.1. A strategy pair is an NE if no strategy can be found which is more preferable 
for any player. An NE of strategies in this thesis corresponds to the classical under-
standing of an NE in game theory (Fudenberg and Tirole, 1998; Osborne and Rubin-
stein, 1994). 

Trigger strategies may lead to higher payoffs for all players because they allow better 
mutual adaptation of behaviors. Therefore, the existence of NEs in such MSGs and the 
corresponding trigger strategies are analyzed in the following. 

9.4.3.1 Evaluation of TitForTat Strategy 
In this section the focus is on MSGs with two players in which (i) both players prefer 
the TFT strategy, and (ii) both players may seek incentives for alternative strategies. 
Player i prefers to switch from TFT to DEF if ( ) ( )i iV DEF |TFT V TFT |TFT> , 
while player -i continues to apply the TFT strategy. In choosing the DEF strategy, 
player i gains a higher payoff i

DCV  at one stage, and in the subsequent stages, after 
player -i switches from cooperation to defection too, i

DDV  for the rest of the game. 
Thus the payoff inequality is solved, with discounting of Equation (9.1) to 

1
1 1

i
i i i
DC DD CCi iV V Vλ

+ >
− λ − λ

 

In isolating iλ , it can be derived that (TFT|TFT) results for 

 
i i

i DC CC
i i
DC DD

V V
V V

−
λ >

−
 (9.3) 

in higher payoffs than (DEF|TFT). As illustrated in the bargaining domain of 
Figure 8.3, the term i i

DC CCV V−  can be regarded as the gain of player i from leaving 
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the cooperation, while i i
DC DDV V−  is the punishment that consequently follows the 

defection in TFT strategies. 

Next, a DEFk strategy is defined, which implies k defections in stage L, and coopera-
tion thereafter. The strategies DEF and DEF1 form a border for unlimited more strate-
gies between these two. The player has to compare the single deviation gain on the one 
hand to the consequently following punishment for one stage by the opponent with the 
TFT strategy in the subsequent stage on the other hand. Therefore, player i prefers to 
switch from TFT to DEF1 if 

( ) ( ) ( ) ( )1 1L L L Li i i i i i i i
DC CD CC CCV V V V

+ +
λ + λ > λ + λ  

Accordingly, (TFT|TFT) results higher payoffs compared to (DEF1|TFT) for 

 
i i

i DC CC
i i

CC CD

V V
V V

−
λ >

−
 (9.4) 

The term i i
CC CDV V− implies the payoff reduction for player i in case of an initial oppo-

nent deviation or an executed punishment as reaction. For iλ  of player i within the 
restriction of Equation (9.3), (TFT|TFT) results higher payoffs than (DEF|TFT). Game 
scenario I of Table 8.2 leads for player 1 to a value of 0 690i .λ ≥ . Equation (9.4) re-
stricts iλ  more: It leads in the same scenario to 2 05i .λ ≥ . Consequently, there is no 
0 1i< λ <  for which player 1 would not prefer to switch to (DEF1|TFT). Contrary 
game scenario II of Table 8.3: Corresponding to Equation (9.4) the player 1 would 
choose (TFT|TFT) for a 0 861i .λ ≥ .  

Based on the definition of an NE from Section 8.2.1, the most restrictive value for iλ  
is decisive for (TFT|TFT) being an NE. As the example illustrates, the strategy DEF1 
implies the highest temptation to defect and can be thus regarded in this way as lower 
limit for iλ  under which (TFT|TFT) is an NE. 

Figure 9.8 illustrates the results from above. The analytic MSGs are solved with the 
mathematical model from Mangold (2003), while the simulation results are from the 
MatlabTM-based simulation tool YouShi2, introduced in Appendix A. The dashed gray 
horizontal line marks the payoff from game-wide cooperation. The different strategies 
of player i imply a specific number of stages in which player i deviates from coopera-
tion during an MSG. The opponent has a constant TFT strategy. The stages of defec-
tion are increased on the x-axis from 0 to 10 and the corresponding strategies are also 
indicated. The resulting payoffs the MSG outcomes iV  of player i, here player 1, with 
the payoff tables from the game scenario I and II are depicted. The resulting payoffs 
are normalized to the payoff from game-wide cooperation. The potential strength of 
punishment through the opponent, given by the specific game scenario, is decisive for 
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player i which strategy to chose. The strategies DEF1 and DEF2 lead to higher payoffs 
compared to the case of game-wide cooperation. Game theory calls DEF1 and DEF2 
dominating strategies. Player i has a discounting factor of 0.9. For increasing iλ  the 
payoffs from defection strategies are reduced due to the growing relevance of expected 
punishment. 

9.4.3.2 Evaluation of GRIM Strategy 
This section focuses on the GRIM strategy. Player i, playing against an opponent that 
also applies the GRIM strategy prefers to switch from GRIM to DEF if 

( ) ( )i iV DEF | GRIM V GRIM | GRIM> . In a game of (GRIM|GRIM) both players are 
cooperating during the complete game. In applying a DEF strategy, player i would 
gain in the first stage a deviation gain because player -i begins with cooperation. After 
the first stage player -i defects the rest of the game following its GRIM strategy and 
player i receives a reduced payoff because both players are defecting. The payoff 
equation is then given by 

1
1 1

i
i i i
DC DD CCi iV V Vλ

+ >
− λ − λ

 

Thus (DEF|GRIM) leads to a higher payoff than (GRIM|GRIM) for 
i i

i DC CC
i i
DC DD

V V
V V

−
λ >

−
 

and is in this case an NE. It is the same restriction for iλ  as Equation (9.3) resulting 
from the comparison of DEF and TFT. 

9.4.3.3 Existence of Nash Equilibria 
The general existence of NEs in MSGs depends on the relation between the individual 
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payoffs of each player and the possibility of the players to influence each other. Here 
the focus is on MSGs with a restriction of i i i i

DC DD CC CDV V V V− > − . In other words, the 
payoff loss due to a defection of the opponent is smaller than the punishment through 
the opponent after an own defection. Hence, case Equation (9.4) is more restrictive 
than Equation (9.3) by means of 

 
i i i i
DC CC DC CC
i i i i
DC DD CC CD

V V V V
V V V V

− −
<

− −
 (9.5) 

In this way a lower limit for iλ  of player i is defined under which an NE from 
player i’s point of view is established. Furthermore is it easier to sustain a GRIM strat-
egy pair as an NE than a TFT pair because of Equation (9.5). 

Note: The introduced NE analysis is independent of the players and has to be executed 
for players 1 and 2, to find an NE of an MSG. This is shown in the next section. 

The repeated interaction within an MSG has an infinite number of NE depending on 
the discounting factors λ  of the players. This is reflected in the Folk Theorem: 

Theorem 9.2 (Fudenberg and Tirole, 1998: 152) For every feasible pay-
off vector V with iiV V> for all players i, there exists a 1λ <  such that 
for all ( )1,λ ∈ λ  there is a Nash Equilibrium of MSG of a discounted 
payoff game with payoff V . 

The Folk Theorem implies a proof of the existence of an infinite number of equilibria 
in infinite repeated games. Further, the Folk Theorem also implies that any feasible 
payoff can be supported in a NE as long as the players discount their payoffs to a suf-
ficiently small degree (Mas-Colell et al., 1997: 422). 

9.4.3.4 Evaluation of Game Scenarios 
Table 9.3 and Table 9.4 compare the strategies with the help of the MSG outcomes. 
The players have QoS requirements corresponding to the game scenarios of Table 8.2 
and Table 8.3 respectively. The outcomes of the MSGs, depending on the players’ 
strategy, are calculated with the help of the discounted payoffs from Equation (9.1). 
The payoffs are normalized to the MSG outcome of game-wide cooperation, the 
MSGs are played over 10 stages and both players have a discounting factor of 

0 9i i .−λ = λ = . The NEs of the MSGs are marked gray in both tables. Analogous to 
the SSG the strategy pair of (DEF|COOP) is the unique NE of the MSG of scenario I 
(a). For higher discounting factors, satisfying Equation (9.4) for both players, the strat-
egy pair (TFT|TFT) would be the emerging NE as it is the case in scenario II (b). 
There, strategies which imply a game-wide cooperation lead to satisfying steady out-
comes: The strategy pairs (GRIM|GRIM), (GRIM|TFT), (TFT|GRIM) and (TFT|TFT) 
are the Pareto efficient NEs of this MSG. Analogous to the SSG, the strategy pair of 
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(DEF|DEF) is still a Pareto inefficient additional NE. In these two example game sce-
narios, the GRIM strategy dominates the TFT strategy: It leads always to equal or 
higher payoffs than TFT, as in these scenarios the punishment of the opponent implies 
simultaneously a significant increase of the own payoff. 

9.4.3.5 Summary 
Based on the behaviors of defection and cooperation, static and dynamic strategies can 
be defined in MSGs. A discounting factor represents the players’ preferences (as-
signed weights per future stage) of future payoffs. It enables a determination of reach-
able steady game outcomes as solution of the coexistence scenario. Depending on the 
QoS requirements and the resulting possibility of mutual interference, players decide 
about their strategy. Vulnerable players, which can be punished, may prefer dynamic 
trigger strategies, which imply typically a game-wide cooperation. An independence 
from future payoffs, i.e., less restrictive QoS requirements, typically means that play-
ers prefer to defect, and cooperation is then not a typical steady state outcome. 

9.5 QoS Evaluation of Strategies 
The previous section analyzed strategies in MSGs on the basis of payoffs. This section 
considers the level of QoS support during an MSG. The game model from Chapter 7 

Table 9.3: Discounted MSG payoffs of both players depending on the players’ strategy. The 
players have QoS requirements corresponding to game scenario I.  

Pl.1↓  Pl.2→ COOP DEF1 DEF GRIM TFT 

COOP 1.00, 1.00 0.91, 1.09 0.60, 1.39 1.00, 1.00 1.00, 1.00 

DEF1 1.17, 0.90 0.91, 0.80 0.61, 1.10 0.86, 1.20 1.10, 0.97 

DEF 1.78, 0.55 1.52, 0.45 0.63, 0.09 0.88, 0.19 0.88, 0.19 

GRIM 1.00, 1.00 1.51, 0.74 0.62, 0.38 1.00, 1.00 1.00, 1.00 

TFT 1.00, 1.00 1.05, 1.01 0.62, 0.38 1.00, 1.00 1.00, 1.00 

Table 9.4: Discounted MSG payoffs of both players depending on the players’ strategy. The 
players have QoS requirements corresponding to game scenario II. 

Pl.1↓  Pl.2→ COOP DEF1 DEF GRIM TFT 

COOP 1.00, 1.00 0.86, 1.06 0.10, 1.39 1.00, 1.00 1.00, 1.00 

DEF1 1.12, 0.87 0.96, 0.95 0.20, 1.28 0.36, 1.20 0.99, 0.92 

DEF 1.78, 0.14 1.62, 0.23 0.78, 0.68 0.93, 0.60 0.93, 0.60 

GRIM 1.00, 1.00 1.52, 0.33 0.67, 0.79 1.00, 1.00 1.00, 1.00 

TFT 1.00, 1.00 0.97, 0.94 0.67, 0.79 1.00, 1.00 1.00, 1.00 
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and the basic IEEE 802.11e access mechanisms to a shared resource are evaluated 
with the help of the MatlabTM-based simulator YouShi2 introduced in Appendix A. A 
player instance as part of the Station Management Entity (SME) realizes this thesis’ 
game approach in the protocol stack of IEEE 802.11e (IEEE, 2005d). 

9.5.1 Strategies for QoS Support in Multi Stage Games 
In the following section the QoS capabilities of the strategies introduced in Section 9.3 
are evaluated. Multiple MSGs with varying strategies for both players are evaluated in 
the two game scenarios from above: The QoS requirements of player i are different 
from one scenario to the other while player -i has fixed ones. Game scenario I from 
Table 8.2 is evaluated from the perspective of player i in Figure 9.10 and for player -i 
in Figure 9.11. Each strategy pair has a corresponding course in the MSG and is noted 
as (strategy of player i | strategy of player -i), for example (GRIM|TFT). Such a strat-
egy pair results in specific combinations of behaviors in the SSGs of the MSG, and is 
noted as (behavior of player i, behavior of player -i), for example (C,C). The QoS 
outcomes in MSGs of various strategies are summarized. The MSG outcomes from 
one MSG example are depicted in Figure 9.9. The subfigures of Figure 9.10 illustrate 
the observed QoS of the player i: The achievable throughput i

obsΘ , which is given as 
fraction of total capacity, and the complementary Cumulative Distribution Func-
tion (CDF) of the Transmission Opportunity (TXOP) allocation delays, which are 
denoted as i

obsΞ . Player i’s strategy is fixed in each subfigure, while the opponent -i 
alters its strategy. The observed throughputs i

obsΘ  and TXOP allocation delays i
obsΞ  of 

player i are evaluated over the outcomes of 400 stages of two player MSGs. The gray 
lines mark the 98% percentile of the TXOP delay: 98 percent of the allocations ob-
serve a delay less than the corresponding delay value at the curve’s crossing point with 
this line. 

The players have normalized QoS requirements corresponding to game scenario I of 
0 4 0 05 0 02i i i

req req req( , , ) ( . , . , . )Θ ∆ Ξ =  and 0 4 0 031 0 02i i i
req req req( , , ) ( . , . , . )− − −Θ ∆ Ξ = . The 

parameter ∆ i
req determines the period between two consecutive TXOP allocation at-

tempts. A third participating player represents the background traffic and the conten-
tion-based medium access, the Enhanced Distributed Channel Access (EDCA) as 
introduced in Chapter 4 of both Wireless Local Area Networks (WLANs). This player 
is not considered here in this evaluation; however, Figure 9.9 shows the EDCA TXOP 
delays. 

In the MSG example of Figure 9.9 the player i follows the DEF strategy while the 
opponent -i applies the strategy COOP. The player i exceeds its required throughput 

0 4i i
obs req .Θ > Θ =  contrary to the opponent, which misses its requirement 

0 4i i
obs req .− −Θ < Θ = . In terms of allocation delays, the player i with its DEF strategy ob-

serves much shorter TXOP delays than the cooperating opponent. These strategies 
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imply permanent behavior of cooperation for player i and defection for player -i, 
i.e., (C,D). 

The observed QoS of player i resulting from the DEF strategy is illustrated in 
Figure 9.10(a). The observed throughputs are for all opponent strategies higher than 
the required one and thus this QoS requirement is fulfilled. In general, the throughput 
is not the critical aspect in the mutual QoS coordination within the MSGs considered 
here, as both players together demand 80 percent of the capacity. The remaining time 
is allocated through the third subordinated accessing player, which has a higher de-
manded throughput than observed. As the DEF strategy with its permanent behavior of 
defection implies the SSG payoff-optimizing best response, the two players share up 
the medium in blocking out the third player. This is always the case if both players 
defect during the course of the MSG, leading to repeated SSGs of (D,D). The DEF 
strategy leads against COOP for 98 percent of the allocation attempts to delays less 
than 0.7 ms. Thus, the strategy of DEF is the best strategy compared to the others with 
delays of 2.0 ms.  

The success of the COOP strategy is evaluated in Figure 9.10(b): MSGs of game wide 
cooperation imply shortest delays for all players. The opponent’s strategies of TFT, 
COOP and GRIM lead to a stable game course of repeated SSGs with (C,C), leading 
for 98 percent of the delays to values less than 0.3 ms. Both players reduce their period 
length causing frequent attempts of short allocations and giving the opponent an in-
creased opportunity for accessing the medium. The allocation attempts of the third, 
less prioritized EDCA player benefit as well. As consequence, player i slightly misses 
its required throughput i

obsΘ  as the player has to wait until the medium is idle, even if 
an allocation of the third player is ongoing. The strong DEF strategy of the opponent 
enforces its allocation scheme on the allocations of player i's COOP strategy, leading 
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Figure 9.9: MSG example - Observed QoS of both players in the pres-
ence of less prior EDCA traffic when player i has a DEF strategy while 
player -i follows the COOP strategy. 
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to the step-like shape of the curves in the CDF of (COOP|DEF). The RANDOM strat-
egy of the opponent results into a CDF between the DEF and COOP as it consists of 
periods with behaviors of (C,C) as well as with (C,D).  

Figure 9.10(c) illustrates the observed QoS of a TFT strategy against various opponent 
strategies. Following the TFT strategy, player i cooperates if the opponent -i does the 
same leading to a behavior of (C,C) for COOP, TFT and GRIM as opponent strategy. 
The tail/step of the delay CDF against a RANDOM strategy, which is observable in all 
subfigures is reasoned as follows: The course of the MSG is instable because of the 
random variation between D and C of the RANDOM strategy from player -i. It leads 
to a frequent adaptation of the best response corresponding to the defection of player i 
from its TFT strategy when following the behavior of the RANDOM strategy. This is 
done in a parallel with an offset of one stage as a player needs one stage of observation 
before reacting on a changing opponent’s behavior.  

The observed delays for the GRIM strategy are depicted in Figure 9.10(d). In this 
specific scenario, GRIM achieves the most reliable QoS results in comparison to the 
delay CDFs and observed throughputs of the other strategies: The player i is cooperat-
ing if the opponent cooperates analogous to the TFT strategy. Contrary to the case of 
an opponent defection, the GRIM player defects forever and stabilizes in this way at 
least its own allocations in not following the opponent’s variations in behavior. The 
transition behaviors of (C,D) and (D,C) do not emerge compared to an MSG of 
(TFT|RANDOM) as also discussed in Section 9.4.2. Here, in this specific scenario, the 
avoidance of behavior transitions is obviously to the advantage of the player in terms 
of observed delays. 

The observed QoS in applying a RANDOM strategy is illustrated in Figure 9.10(e). In 
general, this strategy with its frequent fluctuation in behavior leads to adaptation proc-
esses of player i's best response and/or the opponent’s best response resulting from the 
behavior of defection. This has unsatisfying high delays for player i as consequence. 
The results motivate a stable course of the MSG to enable a predictable MSG outcome 
as also elaborated in Section 9.4.2. 

The subfigures of Figure 9.11 illustrate the observed QoS of the player -i in the same 
game scenario I. As the focus in this subfigures is on player -i, the player i is referred 
to as opponent in the following discussion of the results. The achievable throughput 

i
obs
−Θ , and the CDF of TXOP allocation delays are, similar to Figure 9.10, depicted. 

Player -i’s strategy is fixed in each subfigure, while the opponent i alters its strategy. 
Again the outcomes are evaluated over 400 stages in MSGs of two players.  

A general comparison of the results from Figure 9.10 and Figure 9.11 indicates that 
player -i observes considerably higher delay than player i when both players apply 
defective behavior. This is especially the case when the opponent follows the 
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Figure 9.10: CDFs of resource allocation delays and observed mean throughputs resulting from 
MSGs of player i in game scenario I. Player i has a fixed strategy while the opponent’s -i strat-
egy is varied. 
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Figure 9.11: CDFs of resource allocation delays and observed mean throughputs resulting from 
MSGs of player -i in game scenario I. Player -i has a fixed strategy while the opponent’s i strat-
egy is varied. 
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RANDOM or DEF strategy. This is reasoned by the different required period lengths 
of the players resulting into dissimilar allocation patters. These allocation patterns 
have an advantage for player i related to TXOP delay as consequence. Player i’s 

0 05i
req .∆ =  while player -i has 0 031i

req .−∆ =  leads to a stronger position in the compe-
tition for spectrum access (resulting from the best response of defection) as discussed 
below. Thus the player -i considerably depends on game-wide cooperation in order to 
successfully support QoS. Also the RANDOM strategy, as evaluated in Figure 9.11(e), 
leads to insufficient delays up to 4 ms, also a high percentage of the TXOPs is not 
delayed much. 

The characteristics of the RANDOM strategy applied by player i are again observable: 
Following the RANDOM strategy, player i switches between C and D with a 50 % 
change. Thus, player -i can benefit in 50 % of all SSGs from i's cooperation if perma-
nently defecting. This reasons the shorter delays in upper part of the CDFs in case of 
opponent i is using the RANDOM strategy. Nevertheless, the frequent fluctuation in 
the behavior of player i leads to miscalculations of player -i's best response of the 
defective behavior. The crossing of the delay CDFs of RANDOM and DEF results 
from this: The maximum evaluated delay is longer in case of an opponent with the 
dynamic RANDOM strategy than with a static DEF strategy. This disadvantage of 
dynamics in MSGs is especially observable in Figure 9.11(c), where player -i applies 
the TFT strategy. 

9.5.2 Inter Strategy Comparison 
For the quantitative comparison of the success of different strategies of a player under 
consideration of the opponent’s strategies as a whole, a summarizing value for each 
strategy is defined in the following. Thereby the focus is on the QoS values resulting 
from a strategy, against the generality of all opponent strategies. The focus is not on 
the success against a specific single strategy of the opponent. Therefore, a weighted 
Strategy Comparison Index (SCI) of player i is defined as 

 ( )
1

98 1
Ki i i i

k k req,k obs,k
k

delay throughput

SCI : w % percentile
=

= ⋅ ⋅ + Θ − Θ∑  (9.6) 

where K=3 is the number of considered opponent strategies 
k ∈ (COOP,DEF,RANDOM) and kw  the weight of strategy k. To compare the differ-
ent delay CDFs of Figure 9.10 and Figure 9.11, this thesis focuses on the 98% percen-
tile of the resource allocation delay (TXOP delay) of player i and equal weights with 

1kw K=  are assumed. The 98% percentile is marked in the figures through a gray 
line. The term 1 i i

req ,k obs ,k+ Θ − Θ  reflects the fulfillment of the required throughput of 
player i in applying the considered strategy against the opponent’s strategy k. Small 
SCI values are better than large ones. The strategies of COOP, DEF and RANDOM 
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are chosen as representative for all to the opponent available strategies. The SCIs for 
both players resulting from MSGs, analogous to Figure 9.10 and Figure 9.11, are sum-
marized in Figure 9.12. The subfigures of Figure 9.10 lead thereby to the graph 
marked with crosses, the subfigures of Figure 9.11 to the graph marked with stars and 
the other values result for scenario II, respectively. The smallest SCI values indicate 
the strategy that is most adequate against all opponent strategies: It is the best strategy 
if the opponent’s strategy is unknown to the player.  

For a better understanding of the results shown in Figure 9.12, the concept of strength 
of a player is introduced again: The strength of a player against its opponent is deci-
sive for its capability to guarantee QoS. The strength is scenario-dependent and is 
determined through the relation between the players’ QoS requirements: Whether 
these QoS requirements imply strict constraints or robust allocations. In comparing 
(DEF|COOP) of Figure 9.9 and (COOP|DEF) of Figure 9.10(b) the relative allocation 
strength of player i is observable: Its observed allocation delays in the case of own 
cooperation and opponent defection are less than 2.7 ms (b) while vice versa the oppo-
nent -i observes delays up to 4.4 ms (Figure 9.9) when cooperating while player i de-
fects. The strength of a player is also discussed in Section 8.1.2.4 in the context of 
punishment.  

In the following the results shown in Figure 9.12 corresponding to game scenario I are 
discussed: The GRIM strategy is the most adequate one for both players to success-
fully support QoS. The best response behavior corresponding to the defection is suc-
cessful against a defecting opponent. Nevertheless benefits player i from MSGs of 
game wide cooperation leading to shorter delays and thus in summary the GRIM strat-
egy is the most suitable one. The same stands for the results of player -i, although the 
DEF strategy has nearly the same SCI value as GRIM. The difference in the course of 
the MSG between the GRIM and DEF strategy is the behavior in case of a cooperating 
opponent: (C,C) leads for player -i to shorter delays than (C,D), as observable when 
comparing DEF and GRIM in Figure 9.11 (a) and (d). The slightly missed throughput 
requirement in Figure 9.11(d) outweighs the longer delays resulting from opponent 
defection in case of own cooperation in the most left graph of Figure 9.11(a). Thus, 
player -i should also prefer the GRIM strategy. In summary, defective strategies are to 
be favored in this game scenario by both players. 

Game scenario II, with slightly different QoS requirements of 
0 1 0 05 0 02i i i

req req req( , , ) ( . , . , . )Θ ∆ Ξ =  and 0 4 0 031 0 02i i i
req req req( , , ) ( . , . , . )− − −Θ ∆ Ξ = , is also 

summarized in Figure 9.12 with the graphs marked through squares and diamonds. 
The MSG QoS outcomes as shown in Figure 9.10 and Figure 9.11 are not depicted for 
game scenario II. In this scenario, the strategy of COOP is the best for player i and the 
TFT strategy for player -i. As player i has a required throughput of 0.1, the competi-
tion for the medium is less severe, compared to the previous scenario, leading to an 
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advantage in strategies with cooperative game outcomes of (C,C). Here, the best re-
sponse optimizes the players’ payoff with less destructive interference, i.e., blocking 
of the medium, for the opponent: Player -i with 0 4i

req .−Θ =  is more sensitive to the 
opponent’s behavior and has a better QoS with the TFT trigger strategy. 

9.6 Conclusion 
Support of QoS in wireless networks that share the same spectrum is a problem in the 
decentralized coordination of medium access. The application of games allows an 
aimed interaction for mutual coordination and provides an analysis of the competition 
for the utilization of a shared radio spectrum. The analysis and simulation results indi-
cate that cooperation is an achievable equilibrium that may improve the overall effi-
ciency in spectrum sharing. Traffic requirements that are imposed by services and 
applications determine whether the selected strategies should pursue cooperation, or 
ignore other radio systems leading to games of defection. In defective scenarios, where 
cooperation is not achievable, a regulating intervention, for example the specification 
of some MAC parameters, may be advantageous. However, it is the intention of this 
thesis to enable competing wireless networks to guarantee QoS support with minimum 
regulation. Game models of multiple players and the learning in games to facilitate an 
overcoming of insufficient information about the opponents are the next steps to fur-
ther improve the reduction of mutual interference.  

This thesis’ game approach has one essential requirement: The need for a predictable 
allocation of spectrum, for the purpose of enabling wireless networks to achieve inter-
action. The resulting periodic spectrum allocations may introduce artificial queuing 
times, and hence require an additional buffering, segmentation or even transmissions 
of frames that do not carry information. 

DEF COOP TFT RANDOM GRIM

1

2

3

4

strategy

st
ra

te
gy

 c
om

pa
ris

on
 in

de
x 

(S
C

I) player  i, scenario I
player −i, scenario I
player  i, scenario II
player −i, scenario II

better

 
Figure 9.12: Strategy comparison of the success for supporting QoS with 
the help of a strategy comparison index, see Equation (9.6). 
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Regulation of spectrum may undergo revolutionary changes in the near future allowing 
a less restricted and more flexible access to radio spectrum. Cognitive radios will real-
ize the dynamic usage of frequency bands on an opportunistic basis, by identifying and 
using under-utilized spectrum. Such a flexible spectrum usage requires changes in 
regulation towards a more open spectrum. Policies which determine when spectrum is 
considered as opportunity and which define the possibilities of using these spectrum 
opportunities are needed. This chapter discusses the two approaches introduced in 
Chapter 6 and Chapters 7 to 9 of different complexity that intend to enable distributed 
QoS support in open spectrum. These algorithms are specified as policies in a ma-
chine-understandable policy description language, such that the cognitive radio is 
capable of reasoning about spectrum usage. Thereby not only a multitude of policies 
has to be combined but also measurements of local spectrum utilization and 
user/operator preferences have to be taken into account. 

This chapter targets at the description of spectrum sharing algorithms in a common 
description language for policies. Such a common description of different spectrum 
sharing algorithms facilitates their comparison and performance evaluation. The work 
initiated in (Berlemann and Mangold, 2005) and deepened in (Berlemann et al., 2005c) 
is summarized in this chapter. First, spectrum navigation is introduced at the beginning 
of this chapter: Spectrum navigation enables cognitive radios to flexibly use spectrum 
on the basis of policies. Reasoning thereby combines multiple policies to a concrete 
spectrum usage as discussed in Section 10.1. A policy framework including an Ex-
tendable Markup Language (XML)-based policy description language, the Defense 
Advanced Research Projects Agency (DARPA) NeXt Generation Communica-
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tion (XG) policy language (DARPA, 2003, 2004a, 2004b), is thereafter introduced in 
Section 10.2. Two example algorithms which enable distributed QoS support in spec-
trum sharing scenarios are introduced and specified in the policy description language 
in Sections 10.3 and 10.4. The chapter is concluded with a discussion on the success 
and difficulties of mapping the introduced spectrum sharing algorithms to a policy 
description language in Section 10.5. 

10.1 Policies and Etiquette in Spectrum Usage 
Flexible and dynamic spectrum usage requires an intelligent medium access, espe-
cially in the face of QoS support. In this context, policies are required to restrict the 
dynamic spectrum usage of cognitive radios. A policy is a selection of facts specifying 
spectrum usage. These facts are interpreted through a reasoning instance, in this chap-
ter referred to as spectrum navigator. The spectrum navigator is able to consider a 
flexible amount of different policies realizing a policy-adaptive cognitive radio. Poli-
cies, as regulatory rules for spectrum usage, form a framework for behavior of using 
spectrum. They are mandatory for operation and are enforced by regulation authorities.  

Etiquette on the other hand adds fairness and efficiency to spectrum allocation. Eti-
quette is a multitude of rules that may be voluntarily applied and can be either part of 
standards or imposed by regulation. Spectrum etiquette is today already discussed for 
existing unlicensed bands in various regulatory bodies and standardization groups. 

10.1.1 Policy Framework 
Policy enabled spectrum usage is one of the key features of cognitive radios. The deci-
sion making and learning of a cognitive radio is not limited to policies but has to take 
many additional factors into account, like radio capabilities and the environment (out-
side world) like the consumer. This imposes the need for a formal description frame-
work. Initial steps towards a description language for cognitive radios have been intro-
duced in (Mitola and Maguire, 1999; Mitola, 2000) as an ontology of radio knowledge 
defined in the Radio Knowledge Representation Language (RKRL). An initial step 
towards a policy frame work is the DARPA XG policy language (DARPA, 2004a) 
which includes an XML-based policy description language. The Spectrum Load 
Smoothing (SLS) from Section 2.8.5 and strategies derived from game theory based on 
the approach from Section 2.7.4 are described in the DARPA XG policy language in 
(Berlemann and Mangold, 2005). 

Policies have their origin in spectrum usage restrictions imposed by a regulating au-
thority. Further policies may come from other policy makers to reflect for instance 
preferences of the user or operators. The specification of algorithms for enabling spec-
trum sharing is another important aspect for using policies. The policies might have a 
limited validity which depends on multiple factors as for instance the local time, the 
geographical location of the radio or the country where it is operating. A license holder 
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may also impose policies for using its spectrum by a secondary radio system and 
might influence the access privileges to spectrum as well. Cognitive radios repeatedly 
seek for updates of policies (example: once a day) that are relevant for their regulatory 
domain. The radios that are located in the regulatory domain for which new policies 
have been published, download the machine-understandable policies, and update their 
local information bases. Alternatively, policies are made available through memory 
devices such as flash cards, to allow cognitive radios that do not have access to servers 
to update their information bases. Thus, cognitive radios have to use policies in an 
adaptive way. 

A well defined policy framework is required to enable such a cognitive radio capable 
of updating policies. This framework implies language constructs for specifying a 
policy, a machine-understandable representation of these policies and a reasoning 
instance, here called spectrum navigator, which decides about spectrum usage as fur-
ther outlined below. The policy conformance validation is responsible for download-
ing, updating and validating policies. The syntactical correctness of a policy that has 
been downloaded to the cognitive radio is verified. After conformance validation, the 
cognitive radio translates the policies to a machine-understandable language to enable 
computation through the spectrum navigator. 

10.1.2 Spectrum Navigation 
Cognitive radios have a flexible protocol stack and modem part which can both be 
dynamically adapted to the local communication environment. Additionally, a recon-
figuration management is required to fulfill all reconfiguration related functions. All 
functions concerning the opportunistic usage of frequency spectrum, i.e., realizing a 
cognitive medium access, are done by a spectrum navigator as introduced in 
Figure 10.1. This spectrum navigator is part of the reconfiguration plane (in case of a 
completely reconfigurable protocol stack and modem part) or located in an “open 
spectrum mode” (in case of a multi-mode capable radio of configurable modes). The 
decision about how to allocate which spectrum is taken by the spectrum navigator on 
the basis of policies. 

The spectrum navigator identifies spectrum opportunities with the help of frequent 
measurements of the spectrum usage provided by the protocol stack as for instance 
standardized in IEEE 802.11k (IEEE, 2005a; Mangold et al., 2004b; Mangold and 
Berlemann, 2005) as introduced above. There, means are developed for measurement, 
reporting, estimation and identification of the current spectrum usage in the Industrial, 
Scientific and Medical (ISM) bands. Additionally, the QoS requirements of the sup-
ported applications are taken into account together with preferences of the user as for 
instance transmission costs. The capabilities of a radio, as for example the frequency 
range that can be used for transmission, the available modulations and coding schemes, 
the number of transmission units etc. determine which spectrum the navigator selects 
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for operation. The reasoning of the spectrum navigator results into specification of the 
current spectrum usage and a corresponding configuration of the protocol stack as 
depicted in Figure 10.1. 

10.1.3 Reasoning-based Spectrum Navigation 
This subsection is based on (Mangold et al., 2005b). The variety of diverse under-
standings of what “cognitive radio” refers to, often leads to confusion. Therefore, this 
section outlines the concept of reasoning as one of the core concepts for cognitive 
radio. This important aspect of cognitive radio is built on the DARPA XG vision 
(DARPA, 2004b). Corresponding to the definition from Section 2.1.3, a cognitive 
radio is aware of its environment: “Cognition” refers to an act of knowing, being 
aware, recognizing, judgment, and reasoning. Recent developments in the area of 
machine-learning, the semantic web, and machine-understandable knowledge repre-
sentation allow the efficient implementation of a cognitive radio. It is realized in the 
form of a so-called reasoner, which is introduced above as spectrum navigator. 

10.1.3.1 Reasoning 
A cognitive radio is typically built on a software-defined radio, and can be defined as a 
wireless communication system that is aware of its environment. Recent developments 
in the area of machine-learning, semantic web and machine-understandable knowledge 
representation allow the efficient implementation of a cognitive radio that is aware of 
its environment, in the form of a so-called reasoner. The reasoner makes the actual 
decisions on how to share spectrum. A reasoner is a software process that uses a logi-
cal system to infer formal conclusions from logical assertions. It is able to formally 
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Figure 10.1: Flexible spectrum usage by a cognitive radio. A spectrum navigator takes multiple 
policies, spectrum usage measurements and additional restrictions into account, when deciding 
about spectrum allocation. 
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prove or falsify a hypothesis, and is capable of inferring additional knowledge. The so-
called first order predicate logic is the simplest form of a logical system considered to 
be useful for such a reasoner. As a simple example, a reasoner may be fed with the 
knowledge (“all cognitive radio devices are capable of operating at frequencies below 
3.5 GHz”). A statement (“white space at 2.0 GHz”) would enable this reasoner to infer 
(“spectrum usage permitted at 2.0 GHz”). 

10.1.3.2 Knowledge Representation 
However, inferring statements from other statements requires a structured and ma-
chine-understandable base for representing knowledge about radio communication. 
Such a knowledge base has to be constructed by human domain experts, before the 
machines will be able to interpret, consume, re-use, and eventually extend the knowl-
edge. For this, semantics are needed to define truth and valuations: so-called radio 
semantics. To construct radio semantics is one of the key research problems to be 
solved. Knowledge must be represented in a machine-understandable way, using lan-
guages such as the Web Ontology Language (OWL) (McGuinness and Harmelen, 
2003; Smith et al., 2003). OWL is a language based on the XML, that allows not only 
first-order logics, but also higher-order, class-based reasoning (Baader et al., 2003). In 
addition to constructing radio semantics, to construct an ontology base that would 
represent the knowledge about radio communication is the other key research problem 
to be solved. 

10.1.3.3 Traceability of Decision-Making 
Regulation targets at fair and efficient spectrum usage. Therefore the way a cognitive 
radio makes decisions must be transparent and traceable for regulators, contrary to 
today’s algorithms for spectrum management. Current radio systems have vendor-
specific solutions for spectrum management like power control and channel selection 
and are thus not traceable for the public and the regulation bodies. As a result, today’s 
standards and regulation have extremely restrictive parameters like power levels and 
frequency ranges for operation, to achieve a minimum level of coexistence, spectrum 
efficiency, and fairness in spectrum access. Due to the scarcity of free accessible spec-
trum on the one hand and frequently under-utilized licensed spectrum on the other 
hand, spectrum regulation needs a fundamental rethinking towards less restricted spec-
trum usage. Cognitive radios realize such weakly constrained radio resource manage-
ment algorithms imposing the requirement of visibility. The entire algorithms for deci-
sion-making have to be visible to the outside world, and control mechanisms for regu-
lators have to be developed. 
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10.2 Policy Description Language 
This section outlines the specification of policies with the help of an XML-based de-
scription language at the example of the DARPA XG policy description language 
(DARPA, 2004a). 

As illustrated in Figure 10.2, a policy rule consists of three main elements: First, the 
selector description which is used to filter policies to a specific environment. This is 
related for instance to the policy issuing authority or the region where the policy is 
valid. Second, the opportunity description that specifies under which conditions spec-
trum is considered as unused. A specific received noise spectral density threshold is a 
simple example. Third, the usage constraint description which specifies the behavior 
of the cognitive radio when using a spectrum opportunity. All values that are con-
tained in a policy like frequencies, levels/thresholds or times are described as parame-
ters based on XML Schema Datatypes (XSD) (Biron et al., 2004). Processes enable the 
execution of functions with input and output parameters. Measurements of the spec-
trum usage done by the protocol stack of the cognitive radio are an example for such a 
process.  

Policy Description 10.1 illustrates the usage of the policy language at the example of 
the regulatory restrictions of using the Unlicensed National Information Infrastruc-
ture (U-NII) frequency band at 5 GHz in the US: An IEEE 802.11 Wireless Local 
Area Network (WLAN) device limits its transmission power to 40 mW when using the 
5 GHz band. Concrete, the lines have the following meaning: 

• Line 1 - The selector description S1 for a device named 802.11device. The is-
suing authority is the FCC (authDesc). The usage of the U-NII frequency 

 
Figure 10.2: UML Structure of policies in the DARPA XG Policy Language (DARPA, 2004a). 
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band is described (freqDesc). The policies validity is limited to the US 
(regnDesc) and is not restricted to any period of time (timeDesc). 

• Line 2 - The device 802.11device is described. It is of the type 
WLAN_Class1 and has the capabilities defined in WLAN_Profile1 

• Line 3 - A device type named WLAN_Class1. The meaning of the name is de-
fined by a regulation authority 

• Line 4 - The capabilities of the device are defined as WLAN_Profile1. The 
device must understand and be able to provide the parameter MaxTransmit-
Power for computation in policies 

• Line 5 - U-NII Band consisting of three frequency bands 

• Line 6 - The U-NII Band at 5.15-5.25 GHz is described 

• Line 7 - A limit for the transmission power TransmitLimit is defined to 
40 mW 

• Line 8 - MaxTransmitPower is declared and bound to a value provided by 
the protocol stack of the 802.11 device  

Policy Description 10.1. Policies for using the U-NII Band at 5.15-5.25 GHz 
expressed in shorthand notation of the DARPA XG policy language.  

1  (SelDesc (id S1) 
(authDesc US-FCC)  
(freqDesc U-NII_US)  
(regnDesc US) 
(timeDesc Forever)  
(devcDesc 802.11device))  

2 (DeviceDesc (id 802.11device) 
(deviceTyp WLAN_Class1) 
(deviceCap WLAN_Profile1)) 

3 (DeviceTyp (id WLAN_Class1)) 
4 (DeviceCap (id WLAN_Profile1) 

(hasPolicyDefinedParams MaxTransmitPower)) 

5 (FreqDesc U-NII_US 
(frequencyRanges U-NII_1 U-NII_2 UNII_3)) 

6 (FrequencyRange (id U-NII_1)  
(minValue 5.15)  
(maxValue 5.25)  
(unit GHz))  

7 (Power (id TransmitLimit) 
(magnitude 40.0) (unit mW)) 

8 (Power (id MaxTransmitPower)  
(boundBy Device)) 

9 (UseDesc (id LimitTransmitPower)  
(xgx “(<= MaxTransmitPower TransmitLimit)”)) 

10 (PolicyRule (id P1) (selDesc S1) 
(deny FALSE) (oppDesc BandUnused) 
(useDesc LimitTransmitPower)) 
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• Line 9 - Usage description of limiting MaxTransmitPower to Trans-
mitLimit. xgx specifies an XG expression based on parameters to which the 
radio is able to provide values  

• Line 10 - Policy for using the U-NII Band at 5.15-5.25 GHz when it is regarded 
as opportunity described in BandUnused 

The opportunity description BandUnused and the frequency descriptions U-NII_2 
and U-NII_3 are defined elsewhere. 

In the following, the two approaches to distributed spectrum sharing from above are 
introduced and specified in the DARPA XG policy language: The application of solu-
tion concepts derived from game theory of Chapter 7-9 on the one hand and the prin-
ciple of SLS of Chapter 6 on the other hand. 

10.3 Application of Game Theory as Policy 
The competition between independent radio systems for allocating a common shared 
radio channel can be modeled as a stage-based game model: Players, each representing 
radio systems, interact repeatedly in radio resource sharing games, without direct co-
ordination or information exchange. For further details the interested reader is referred 
to previous Chapters 7-9 and a tutorial like explanation of this thesis’ approach is 
given in (Berlemann et al., 2005j).  

The application of game theory in spectrum sharing scenarios enables a distributed 
coordination of multiple cognitive radios sharing the same spectrum opportunity. The 
identification of a spectrum opportunity is to be done in applying additional policies 
and is not part of this game theory-based approach. Aspects of this thesis’ application 
of game theory that are to be considered in the context of policies are discussed in the 
following. 

10.3.1 Mapping the Game Theory Notation to a Policy 
The transfer of the game theory notation is initiated in defining device capabilities, 
game parameters and the behavior of a player in Policy Description 10.2. The behavior, 
as handpicked allocation of the radio resource, is specified as usage description 
(useDesc). Thereafter the opponent’s behavior is classified in order to characterize 
the spectrum opportunity of the next stage. In taking the own behavior of the present 
stage into account, every permutation of the players’ behavior (here in total four) leads 
to a dedicated opportunity description (OppDesc) as demonstrated in 
Policy Description 10.3. Simple static strategies can be defined as PolicyRule 
which is demonstrated in Policy Description 10.4. Complex strategies, which take the 
behavior of the opponent into account, are realized as a group PolicyGrp of policy 
rules PolicyRule. Thereby each state transition of the strategies’ state machine is 
reflected by a policy rule, defining the reaction of a player on the opponent’s behavior 
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in taking the own behavior into account. This is illustrated in comparing two dynamic 
trigger strategies specified in Policy Description 10.5 and Policy Description 10.6 and 
depicted in Figure 10.4 and Figure 10.5. 

10.3.2 Behaviors as Policies 
Policy Description 10.2 defines device capabilities and describes game parameters and 
the behavior of a player: 

• Line 1 - The capability description of parameters and processes a cognitive ra-
dio has to provide in order to apply game theory-based policies. They are used 
in the following policy descriptions  

• Line 2 - The duration of an SSG is provided by the cognitive radio, typically it 
has a duration of 100 msec 

• Line 3 - Parameters to indicate if an opponent is cooperating and for storing the 
player’s own behavior of the present stage  

• Line 4 - The behavior of defection as usage description resulting to a concrete 
action: Best response to the expected opponent’s action oppAction to opti-
mize the own utility defined in the process BestResponse. This process is 
not defined here 

• Line 5 - The behavior of cooperation as usage description resulting into a con-
crete action: Reduction of the period length dem∆  to min∆  and demanding the 
required throughput dem reqΘ = Θ . Note that these parameters specify a dedi-
cated allocation pattern for one stage and are to be provided by the cognitive 

Policy Description 10.2. Game parameters and the behaviors of a players 
expressed in shorthand notation of the DARPA XG policy language.  

1  (DeviceCap (id GameTheoryProfile) 
(hasPolicyDefinedParams 
 STAGEduration 
 Theta_dem Delta_min Theta_req Delta_dem) 
(hasPolicyDefinedBehaviors 
 ObserveStage ClassifyBehavior 
 BestResponse)) 

2 (TimeDuration (id STAGEduration)  
(boundBy Device) (unit msec)) 

3 (Boolean (id OpponentCooperating)) 
(Boolean (id SelfCooperating))  

4 (UseDesc (id Defect) (xgx “(and  
(:= Theta_dem BestResponse(oppAction))  
(:= Delta_dem BestResponse(oppAction)) 
(:= SelfCooperating BoolFalse))) 

5 (UseDesc (id Cooperate) (xgx “( and 
(:= Theta_dem Theta_req) 
(:= Delta_dem Delta_min) 
(:= SelfCooperating BoolTrue))) 
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radio similar to MaxTransmitPower in Policy Description 10.1, line 8 

Policy Description 10.3 introduces the classification of the opponent’s behavior. 

Policy Description 10.3. The classification of the opponent’s behavior 
expressed in shorthand notation of the DARPA XG policy language.  

1  (OppDesc (id OwnCoop_OpponentCoop)  
(xgx “(and  
(invoke (within STAGE) ObserveStage 
 ObsParam Observation.ownQoS 
 ObsParam Observation.oppQoS) 
(invoke (at-end-of STAGE) 
 ClassifyBehavior  
 Observation.ownQoS  
 Observation.oppQoS 
 OpponentCoop OpponentCooperating)  
(and (eq OpponentCooperating BoolTrue) 
   (eq SelfCooperating BoolTrue)”))  

2 (OppDesc (id OwnDef_OpponentCoop)  
(xgx “(and  
(invoke (within STAGE) ObserveStage 
 ObsParam Observation.ownQoS 
 ObsParam Observation.oppQoS) 
(invoke (at-end-of STAGE) 
 ClassifyBehavior  
 Observation.ownQoS  
 Observation.oppQoS 
 OpponentCoop OpponentCooperating)  
(and (eq OpponentCooperating BoolTrue) 
   (eq SelfCooperating BoolFalse))”)) 

3 (OppDesc (id OwnCoop_OpponentDef)  
(xgx “(and  
(invoke (within STAGE) ObserveStage 
 ObsParam Observation.ownQoS 
 ObsParam Observation.oppQoS) 
(invoke (at-end-of STAGE) 
 ClassifyBehavior  
 Observation.ownQoS  
 Observation.oppQoS 
 OppCoop OpponentCooperating)  
(and (eq OpponentCooperating BoolFalse) 
   (eq SelfCooperating BoolTrue))”)) 

4 (OppDesc (id OwnDef_OpponentDef)  
(xgx “(and  
(invoke (within STAGE) ObserveStage 
 ObsParam Observation.ownQoS 
ObsParam Observation.oppQoS) 
(invoke (at-end-of STAGE) 
 ClassifyBehavior  
 Observation.ownQoS  
 Observation.oppQoS 
 OppCoop OpponentCooperating)  
(and (eq OpponentCooperating BoolFalse) 
   (eq SelfCooperating BoolFalse))”)) 
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• Line 1 - This OwnCoop_OpponentCoop opportunity description has three 
tests: 1) The process ObserveStage observes all allocations during a stage 
and has the observed QoS of a player and of its opponent as output parameter. 
2) The process ClassifyBehavior, invoked at the end of a stage, deter-
mines the players’ QoS of the last stage in observing spectrum usage. The 
process decides about the opponent’s behavior contained as output in the Boo-
lean variable OpponentCooperating. 3) The opponent cooperates (Oppo-
nentCooperating = TRUE) and player self cooperates in the considered 
stage (SelfCooperating = TRUE). In case all these tests are met the 
player concludes that both players were cooperating and regards the spectrum 
opportunity as OwnCoop_OpponentCoop 

• Line 2 - The OwnDef_OpponentCoop opportunity description is similar to 
the OwnCoop_OpponentCoop description, besides the last of the three tests: 
The player self is defecting in the considered stage SelfCooperating = 
FALSE. In case all tests are met the player assumes own defection while the 
opponent was cooperating 

• Line 3 - This OwnCoop_OpponentDef opportunity description has three 
tests: 1) The process ObserveStage observes during a stage all allocations 
and has the observed QoS of a player and of its opponent as output parameter. 
2) The process ClassifyBehavior, invoked at the end of a stage, deter-
mines the players’ QoS of the last stage in observing spectrum usage. The 
process decides about the opponent’s behavior contained as output in the Boo-
lean variable OpponentCooperating. 3) The opponent defects if Oppo-
nentCooperating = FALSE and player self cooperates in the considered 
stage when SelfCooperating = TRUE. In case all three tests are met the 
player concludes that it was cooperating while the opponent was defecting. 

• Line 4 - The OwnDef_OpponentDef opportunity description is similar to 
the OwnCoop_OpponentDef description, besides the last of the three tests: 
The player self was defecting in the considered stage SelfCooperating = 
FALSE. In case all tests are met the player assumes that both players were de-
fecting 

10.3.3 Static Strategies as Policies 
Static strategies are the continuous application of one behavior without regarding the 
opponent’s strategy. In static strategies the state model contains one single state. In the 
approach under consideration here, the set of available static strategies is reduced to 
two: The cooperation strategy (COOP) is characterized through cooperating always, 
independently from the opponent’s influence on the player’s utility. The COOP strat-
egy is to the benefit of a player if the opponent cooperates as well. Figure 10.3(a) 
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illustrates this simple strategy of following a cooperative (C) behavior, as specified in 
Policy Description 10.2. Equivalently to the COOP strategy, the defection strat-
egy (DEF) consists of a permanently chosen behavior of defection (D). Figure 10.3(b) 
illustrates the DEF strategy as a state machine. The static strategies of permanent co-
operation and defection are expressed in Policy Description 10.4 with the following 
meaning: 

• Line 1 - The strategy COOP realized as a PolicyRule for the selector de-
scription S1 defined in Policy Description 10.1. Independent from the opponent 
behavior, i.e., for any spectrum opportunity AnyOpp, the player cooperates. 
This is specified by the usage description Cooperate 

• Line 2 - The strategy DEF realized as a PolicyRule. Independent from the 
opponent behavior, i.e., for any spectrum opportunity AnyOpp, the player co-
operates. This is specified by the usage description Defect 

10.3.4 Dynamic Trigger Strategies as Policies 
A trigger strategy is a dynamic strategy where the transition from one state to another 
state is event-driven (Osborne and Rubinstein, 1994): An observed event triggers a 
behavior change of a player. Depending on the number of states (the number of behav-
iors a player may select), a large number of trigger strategies is possible. For the sake 
of simplicity, the familiar Grim (GRIM) and TitForTat (TFT) trigger strategies are 
applied in the following. A player with a GRIM strategy punishes the opponent for a 
single deviation from cooperation with a defection forever. The initial state of the 
GRIM strategy, selected at the first stage of the MSG, is however the cooperation. The 
player cooperates as long as the opponent cooperates, and the transition to defection is 
triggered by the opponent’s defection. See Figure 10.4 for an illustration of the state 

Policy Description 10.4. COOP and DEF strategy expressed in shorthand notation 
of the DARPA XG policy language.  

1  (PolicyRule (id StrategyCOOP) (selDesc S1) (deny 
FALSE) (oppDesc AnyOpp) 
(useDesc Cooperate))  

2 (PolicyRule (id StrategyDEF) (selDesc S1) (deny 
FALSE) (oppDesc AnyOpp)  
(useDesc Defect))  

C

(*)
9090

n=1

 
D

(*)
9090

n=1

 
(a) COOP (b) DEF 

Figure 10.3: The static strategies of permanent cooperation (a) 
and defection (b) as state machines. 
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machine of the GRIM strategy and its stepwise transfer to a policy. The TFT strategy 
selects cooperation as long as the opponent is cooperating, similar to the GRIM strat-
egy, also with cooperation in the initial stage. An opponent’s defection in stage N 
triggers a state transition and is punished by defection in the following stage N+1, as 
illustrated in Figure 10.5. However, in contrast to the GRIM strategy, TFT changes 
back to cooperative behavior as soon as the opponent is cooperating again.  

Policy Description 10.5 expresses the GRIM strategy from the game theory-based 
approach. The corresponding state machine is depicted in Figure 10.4 containing ref-
erences to the corresponding line of the description in the policy language. In detail, 
the lines of Policy Description 10.5 have the following meaning: 

• Line 1 - The strategy GRIM consists of four policy rules: GRIMCoop1 (line 2), 
GRIMDefect1 (line 3), GRIMDefect2 (line 4) and GRIMDefect3 
(line 5). All policies in the group have the same priority as indicated by the 
property equalPrecedence  

Policy Description 10.5. GRIM strategy expressed in shorthand notation of the 
DARPA XG policy language.  

1  (PolicyGrp (id StrategyGRIM) 
 (equalPrecedence TRUE) 
 (polMembers GRIMCoop1 GRIMDefect1  
      GRIMDefect2 GRIMDefect3)) 

2 (PolicyRule (id GRIMCoop1) (selDesc S1) 
 (deny FALSE) (oppDesc OwnCoop_OpponentCoop) 
 (useDesc Cooperate))  

3 (PolicyRule (id GRIMDefect1) (selDesc S1)  
 (deny FALSE) (oppDesc OwnCoop_OpponentDef)    
 (useDesc Defect)) 

4 (PolicyRule (id GRIMDefect2) (selDesc S1)  
 (deny FALSE) (oppDesc OwnDef_OpponentCoop) 
 (useDesc Defect)) 

5 (PolicyRule (id GRIMDefect3) (selDesc S1)  
 (deny FALSE) (oppDesc OwnDef_OpponentDef)  
 (useDesc Defect)) 

all outcomes 
except (C)

C

(C)

D

9090 9090

(*)

n=1

line 2
line 3

line 4+5

 
Figure 10.4: The trigger strategy GRIM, specified in 
Policy Description 10.5 as state machine. 
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• Line 2 - The policy rule GRIMCoop1 for operation matching selector S1 (de-
fined above). In case of a cooperating opponent and own cooperation, i.e., the 
opportunity is regarded as OwnCoop_OpponentCoop 
(Policy Description 10.3, line 1), the player chooses the behavior of coopera-
tion in following the usage description Cooperate (Policy Description 10.2, 
line 4). The term Deny = FALSE indicates that the rule represents a valid op-
portunity  

• Line 3 - The policy rule GRIMDefect1: In case of own cooperation and a de-
fecting opponent, i.e., the opportunity is regarded as Own-
Coop_OpponentDef (Policy Description 10.3, line 2), the player defects fol-
lowing the usage description Defect (Policy Description 10.2, line 3)  

• Line 4 - The policy rule GRIMDefect2: In case of own defection and a coop-
erating opponent (Policy Description 10.3, line 3), the player defects following 
the usage description Defect (Policy Description 10.2, line 3) 

Policy Description 10.6. TFT strategy expressed in shorthand notation of the 
DARPA XG policy language.  

1  (PolicyGrp (id StrategyTitForTat)  
  (equalPrecedence TRUE) 
  (polMembers TFTCoop1 TFTCoop2  
      TFTDefect1 TFTDefect2)) 

2 (PolicyRule (id TFTCoop1) (selDesc S1)  
 (deny FALSE) (oppDesc OwnCoop_OpponentCoop) 
 (useDesc Cooperate))  

3 (PolicyRule (id TFTDefect1) (selDesc S1)  
 (deny FALSE) (oppDesc OwnCoop_OpponentDef) 
 (useDesc Defect)) 

4 (PolicyRule (id TFTCoop2) (selDesc S1) 
 (deny FALSE) (oppDesc OwnDef_OpponentCoop) 
 (useDesc Cooperate)) 

5 (PolicyRule (id TFTDefect2) (selDesc S1)  
 (deny FALSE) (oppDesc OwnDef_OpponentDef)  
 (useDesc Defect)) 

(C)

(D)
90

9090

90

(D)
9090

(C)

n=1

line 2

C

line 3

line 5

D

line 4  
Figure 10.5: The trigger strategy TitForTat, specified in 
Policy Description 10.6 as state machine. 
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• Line 5 - The policy rule GRIMDefect3: In case of own defection and a de-
fecting opponent (Policy Description 10.3, line 2), the player defects following 
the usage description Defect (Policy Description 10.2, line 3) 

The TFT strategy, as illustrated in Figure 10.5, is specified in Policy Description 10.6. 
The description is analog to the one of the GRIM strategy, reflecting the similarity of 
the respective state machines: 

• Line 1 - The strategy TitForTat consists of four policy rules: TFTCoop1 
(line 2), TFTDefect1 (line 3), TFTCoop2 (line 4) and TFTDefect2 (line 
5). The property equalPrecedence indicates that all policies in the group have 
the same priority 

• Lines 2,3 and 5 are the same as in Policy Description 10.5 of the GRIM strat-
egy  

• Line 4 - The reaction on a cooperating opponent in case of own defection 
(Policy Description 10.3, line 3) is different. This dissimilarity is marked bold 
in the policy descriptions of GRIM and TFT. Here, the player cooperates fol-
lowing the usage description Cooperate (Policy Description 10.2, line 4), re-
flecting the different state transitions in Figure 10.4 and Figure 10.5 

The introduced examples illustrate the general applicability of the approach: It is a 
common method for translating strategies represented as state machines to the DARPA 
XG policy language. 

10.4 Spectrum Load Smoothing as Policy 
The application of “waterfilling,” a known principle in information theory, is in this 
thesis referred to as SLS and is discussed in detail in Chapter 6. In a few words, SLS 
realizes the secondary usage of spectrum. Vertical spectrum sharing is enabled in 
avoiding harmful interference to primary radio systems. With SLS, spectrum sharing 
cognitive radios aim simultaneously at an equal smoothed overall utilization of the 
spectrum. Figure 10.6 illustrates the iterative determination of this smoothed load level. 
A flow chart of the steps to be performed when applying SLS algorithm is illustrated 
in Figure 10.7. This flow chart is the basis for specifying the SLS in 
Policy Description 10.7. 

10.4.1 Aspects Relevant to Description as Policy 
A periodic frame-based Medium Access Control (MAC) protocol is the basis for coor-
dination and interaction in applying the SLS. A frame is composed out of time slots, 
i.e., detected spectrum opportunities, as depicted in Figure 10.7 at the example of one 
frequency which is shared in the time domain. The two initial steps of the SLS to de-
termine the smoothed load level are depicted together with the final result of this itera-
tive algorithm. The time is divided here into four slots building a time frame for inter-
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action. The SLS is done over three slots (slot 1, 2 and 4); while slot 3 is not used in 
order to protect the incumbent radio transmission that is transmitting there. In a dis-
tributed environment, this slot length can for instance be identified with the help of the 
autocorrelation function of the observed allocations, in case these are deterministic.  

The smoothed level of utilization is determined corresponding to Figure 10.7. In 
Policy Description 10.7, it is referred to as SLSLoadLevel and calculated with the 
process SLSCalcLoadLevel. The access order of the cognitive radios to each slot 
is given by the order of the devices’ initial transmission within the considered cover-
age area. It is contained in Observation.DevicesBefore (line 3). To enable a 
convergence of interaction, the SLS is performed step-by-step from frame to frame. A 
limited amount of allocations is redistributed from one frame to another. The amount 
of allocations per frame considered for redistribution through SLS is called 
SLSamount. It has here a fixed value of 10 % (Berlemann and Walke, 2005) (line 5) 
corresponding to the flow chart of Figure 10.6. A spectrum opportunity corresponding 
to the SLS is identified in two steps (line 6): First the slotted frame structure is defined 
through the process ObserveSlotStructure. Second, the usage, i.e., load, of 
each slot is observed by the process ObserveSlots from frame to frame. The deci-
sion for how long and in which order to access slots within a frame is done in 
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Figure 10.6: Illustration of the iterative SLS algorithm in the time domain at a single frequency. 
The two initial steps are depicted together with the final result of the iterative algorithm. 
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SLS2Slots (lines 7-9). Note that this decision about allocations is done simultane-
ously by all cognitive radios at the start of a frame. 

10.4.2 SLS in the Policy Description Language 
Policy Description 10.7 expresses the SLS in the shorthand notation of the DARPA 
XG policy language. The lines can be described as follows: 

• Line 1 - The policy SLS specifies the usage of spectrum opportunities de-
scribed in TimeSlotsForSLS corresponding to usage description 
SLS2Slots and selector description S1 defined in Policy Description 10.1 

• Line 2 - Parameters (hasPolicyDefinedParams) and processes 
(hasPolicyDefinedBehaviors) are defined that a cognitive radio has to 
support in order to use the SLS policy. The parameters are differentiated into (i) 
parameters used for observation to detect and specify spectrum opportunities 
provided by the cognitive radio. These parameters have “Observation.“ as pre-
fix. (ii) Parameters used for specifying the allocation of the time slots resulting 
from the SLS policy with “Allocation.“ as prefix. They specify a dedicated 
spectrum usage for one frame. The processes ObserveSlots and Ob-
serveSlotStructure are used in the opportunity description (line 4). 

end spectrum 
access

intended 
spectrum access

device appeared 
or disappeared?

SLSamount = 0.1

no
yes

SLSamount  = 
SLSamount / 2

yes

determine allocations with the size of 
SLSamount for redistribution

redistribution through SLS of SLSamount 
of the allocations 

 observed allocations (n) = 
observed allocations (n-2)

no

next frame

SLSamount = 1

yes

no

reservations?

observe spectrum, identify slots used for 
SLS and determine their load line 6

line 7

line 8/9

line 5

 
Figure 10.7: Flow chart of the SLS algorithm. The black parts are described in 
Policy Description 10.7 and the respective lines are referred, while the gray parts are not consid-
ered here. 
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SLScutAllocations and SLSCalcLoadLevel are used in the usage de-
scription SLS2Slots (line 7-9) 

• Line 3 - These definitions specify the frame structure and the access order of 
the cognitive radio. Observation.SlotsUsedForSLS is a list of time in-
tervals. The slots are envisaged for being used by the SLS, i.e., regarded as 
spectrum opportunities. Here, corresponding to Figure 8, Slot1, Slot2 and 
Slot4 are identified for SLS and have the type TimeInterval which has 
two properties: starttime specifies the start of a time range and endtime 
the end. This multifield of time intervals results together with FrameDura-
tion from the process ObserveSlotStructure (line 4). Observa-
tion.DevicesBefore is provided by the cognitive radio and enables de-
termining the order of access to spectrum in each slot 

• Line 4 - The process ObserveSlotStructure is defined for illustration 
purpose. Each cognitive radio that operates under the SLS policy has to imple-
ment this process and provide the grounding of the variables for it 

• Line 5 - A set of parameters is declared. The two “.SlotLoad“ multifield vari-
ables consist of entries for each slot. Allocation.SLSamount is set 
to 10 % 

• Line 6 - An opportunity description named TimeSlotsForSLS: The slots 
used for SLS are observed during a frame with the ObserveSlots process. 
The list of time slots is the input parameter and the observed load for each slot 
is the output parameter of this process 

• Line 7 - Usage description of the SLS. The allocations to be distributed in this 
step (the amount is defined by Allocation.SLSamount) are determined 
with SLScutAllocations.  

• Line 8 - Thereafter, the load level Allocation.SLSLoadLevel is calcu-
lated with the process SLScalcLoadLevel  

• Line 9 - The Allocation.AccessIntervals for each slot are deter-
mined together with the order for accessing each slot Alloca-
tion.AccessOrder. The cognitive radio accesses spectrum in giving all 
the radios higher priority of access that were already operating at the location 
when initiating own transmissions  

 



10.4 Spectrum Load Smoothing as Policy 205

Policy Description 10.7. Spectrum Load Smoothing expressed in shorthand notation of 
the DARPA XG policy language.  

1  (PolicyRule (id SLS) (selDesc S1)(deny FALSE)  
(oppDesc TimeSlotsForSLS)(useDesc SLS2Slots)) 

2 (DeviceCap (id SLSProfile) 
(hasPolicyDefinedParams 
 Observation.ownSpectrumUsage 
 Observation.othersSpectrumUsage 
 Observation.DevicesBefore 
 Allocation.TransmitStart 
 Allocation.AccessIntervals 
 Allocation.AccessOrder) 
(hasPolicyDefinedBehaviors 
 ObserveSlotStructure ObserveSlots 
 SLScutAllocations SLSCalcLoadLevel)) 

3 (FrameDesc (id Observation.SlotsUsedForSLS) 
 (Slot1 Slot2 Slot4)) /*from line 4*/ 
(TimeDuration (id FrameDuration)  
 (magnitude 50)(unit msec)) /*from line 4*/ 
(Num (id Observation.DevicesBefore) 
 (boundBy Device) (unit NONE)) 

4 (Process (id ObserveSlotStructure) 
 (input Observation.ownSpectrumUsage 
     Observation.othersSpectrumUsage) 
 (output Observation.SlotsUsedForSLS 
     FrameDuration)) 

5 (TimeDuration (id Observation.SlotLoad)(unit msec)) 
(TimeDuration (id Allocation.SlotLoad)(unit msec)) 
(SLSamount (id Allocation.SLSamount) 
 (magnitude 10) (unit Percent)) 
(TimeDuration (id Allocation.SLSLoadLevel)(unit usec)) 

6 (OppDesc (id TimeSlotsForSLS) (xgx “( and  
(invoke (before Allocation.TransmitStart) 
 ObserveSlotStructure 
  Observation.ownSpectrumUsage 
  Observation.othersSpectrumUsage 
  SlotDesc Observation.SlotsUsedForSLS 
  TimeDuration FrameDuration) 
(invoke (within FrameDuration) ObserveSlots 
  SlotsUsedForSLS 
  TimeDuration Observation.SlotLoad)”)) 

7 (UseDesc (id SLS2Slots) (xgx “( and 
(invoke SLScutAllocations 
  Allocation.SLSamount 
  Observation.SlotLoad 
  TimeDuration Allocation.SlotLoad) 

8 (invoke SLScalcLoadLevel 
  Allocation.SLSamount 
  Allocation.SlotLoad 
  TimeDuration Allocation.SLSLoadLevel) 

9 (:= Allocation.AccessIntervals  
(- Allocation.SLSLoadLevel Allocation.SlotLoad) 
(:= Allocation.AccessOrder 
(+ Observation.DevicesBefore 1))”)) 
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10.5 Conclusion and Outlook 
The description of spectrum sharing algorithms in a machine-understandable way is 
one of the most challenging tasks that are to be supported by a policy language. To 
illustrate how such algorithms could be specified, the mapping of two different spec-
trum sharing algorithms to a policy description language is illustrated in this chapter. 
The distinction into spectrum opportunity and usage constraint facilitates a hierarchi-
cal structuring of the algorithm’s policy description. In this chapter, the usage of the 
XG Policy Language for regulating spectrum access through usage restrictions is ex-
tended with the aspect of specifying distinct parameters of spectrum access. 

This chapter indicates potential improvements of the current publicly available version 
of the XG Policy Language: Multifield operations (as used here for defining the SLS 
time slots) are so far not specified but designated. However, the introduced specifica-
tion of spectrum sharing algorithms indicates the need for a focus on the measure-
ment/sensing of spectrum for identifying spectrum opportunities. Further, an en-
hancement of the XG Policy Language is suggested to take user-preferences into ac-
count, when deciding about spectrum access. 

The spectrum access of cognitive radios can also be specified in the DARPA XG pol-
icy language. Initial steps to enable cognitive radios to operate in distributed environ-
ments according to the Enhanced Distributed Channel Access of IEEE 802.11e are 
discussed in (Berlemann et al., 2005g). This approach to a software defined medium 
access control of cognitive radios introduces a proof of concept for their enabling 
technologies. 
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11.1 Problem Statement and Solution 
In wireless communication, the rising demand for freely available spectrum goes along 
with an increasing necessity for coordination of spectrum utilization, to meet for in-
stance Quality-of-Service (QoS) requirements. The unlicensed spectrum is limited, and 
additional unlicensed spectrum will not be available in the foreseeable future, because 
regulatory changes from licensed to unlicensed bands are complicated and usually take 
a long time. It is therefore helpful if future radio systems could autonomously coordi-
nate themselves to support QoS in scenarios where spectrum is shared, i.e., in the 
presence of other competing radio systems. 

Radios designed to guarantee an efficient spectrum use and minimizing at the same 
time harmful interference to incumbent (primary, license holding) radio systems are 
referred to as “cognitive radios”. The intelligent medium access of cognitive radios in 
distributed environments to support QoS is the main focus of this thesis. The limited 
capabilities of the IEEE 802.11e standard for QoS support are analyzed constituting a 
basis of this thesis. In order to realize an interworking and coexistence of IEEE 802.11 
and IEEE 802.16 at a single frequency a central coordinating Base Station Hybrid 
Coordinator (BSHC) is proposed that combines both standards. Two approaches to 
distributed spectrum sharing based on a common, frame-based interaction model are 
intensively analyzed in this thesis. These approaches do not require direct information 
exchange, as they are based on observing past spectrum utilization. The developed 
algorithms are specified in a common policy description language enabling cognitive 
radios to decide about spectrum usage. 
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11.2 Summary and Results 
The comparison of the results from Chapters 6 to 9 with the distributed QoS capabili-
ties of 802.11e analyzed in Chapter 4 illustrates the success of the developed ap-
proaches. Coordination increases the level of supported QoS significantly in terms of 
observed throughput and delays. Additionally, the efficiency of spectrum utilization is 
improved including an avoidance of collision. 

A comparison of the two approaches to spectrum sharing developed in this thesis, 
namely the Spectrum Load Smoothing (SLS) and the transfer of solution concepts 
derived from game theory, leads to different spectrum sharing scenarios in which these 
approaches can be ideally applied. 

The SLS enables the secondary usage of spectrum in defining a simple rule for interac-
tion. The simulations indicate that the SLS requires protection through spectrum regu-
lation to be defended against selfish behavior. Otherwise, the cognitive radios using 
SLS are not able to support QoS. Spectrum regulation or license holders might dictate 
the SLS as mandatory policy for accessing spectrum as secondary user. At the same 
time, the SLS enables QoS support in horizontal spectrum sharing, if regulating au-
thorities intervene as described below. 

The application of game theory offers an intelligent but also complex interaction when 
cognitive radios share spectrum horizontally. In offering the behaviors of defec-
tion/punishment and cooperation, the cognitive radios are able to coordinate them-
selves in distributed environments. The analysis and simulation results indicate that 
cooperation is an achievable equilibrium that may improve the overall efficiency in 
spectrum sharing. Traffic requirements that are imposed by services and applications 
determine whether the selected strategies should pursue cooperation, or ignore other 
radio systems leading to games of defection. The application of game theory is there-
fore an initial step towards open spectrum and is suitable to support QoS in unlicensed 
bands. 

As result, both approaches have the same common fundamental basis: Distributed QoS 
support requires a direct/indirect communication or a broadcasting of intended spec-
trum usage which is observable by all spectrum sharing radio systems. At least an 
assessment of future radio resource allocation has to be possible when observing past 
spectrum usage. Spectrum sharing in the time domain with deterministic patterns is 
optimal for QoS support in decentralized scenarios. In defective environments, where 
cooperation is not achievable, a regulating intervention, for example the specification 
of Medium Access Control (MAC) parameters, may be advantageous. This thesis indi-
cates that (in the time domain) the usage of deterministic patterns and a limitation of 
transmission durations facilitate cooperation and thus QoS support when cognitive 
radios share spectrum. 
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This thesis indicates, that even complex spectrum sharing algorithms can be specified 
in a policy description language offering transparency and traceability of the decision 
making performed by cognitive radios. This is one important step towards the realiza-
tion of a policy adaptive cognitive radio in a flexible framework of spectrum regula-
tion.  

11.3 Future Development and Vision 
In the near future, commercial broadband and cellular networks will still require ex-
clusive spectrum access to enable QoS guarantees to the customers. Restricted secon-
dary spectrum usage and spectrum trading are grades of flexibility to increase the 
overall efficiency of spectrum utilization. The licensing process itself needs to be ac-
celerated and requires more flexibility to reflect the rapid developments in the wireless 
communication market. 

In the long term, spectrum used by future wireless broadband systems covering wide 
areas will most likely be a combination of exclusively accessed spectrum and shared 
(unlicensed and/or open) spectrum. The exclusively used spectrum enables to guaran-
tee the customer a minimum level of QoS. The shared spectrum allows an extension of 
network capacity to provide more services and to increase the number of served cus-
tomers. Intelligent spectrum sharing algorithms for coordination, as developed in this 
thesis, improve the efficiency of spectrum usage and increase the radio networks’ 
capabilities to support QoS when using shared spectrum.  

The cognitive radio approach for flexible spectrum access is ideal for realizing com-
munication systems with locally limited operation. This limitation allows the liberali-
zation of the access to spectrum which will stimulate innovations and economic suc-
cess. In distributed environments, policy adaptive cognitive radios provide the neces-
sarily required flexibility and intelligence in spectrum access: Local usage constraints 
are taken into account while etiquettes enable distributed coordination through coop-
eration. 

Cognitive radios should form on their own a wireless ecosystem in which every addi-
tional radio increases the system’s performance rather than reducing it. The self-
organization of cognitive radios to a cognitive radio networks will in this way improve 
coverage, capacity, and QoS in wireless communication. Additional radios increase 
the coverage area of the network through self-configured, multi-hop connections and 
improve the accuracy of measuring spectrum utilization. Such a cognitive radio net-
work is able to access spectrum in a flexible and dynamic way, depending on local 
traffic loads and spectrum utilization. Spectrum measurements, distributed among the 
cognitive radios increase spectral efficiency and prevent mutual interference. Each 
cognitive radio learns from spectrum observation and has an individual view on spec-
trum usage possibly concretized by measurements from neighboring cognitive radios.  
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Cognitive radio networks will not compete but complement the existing cellular net-
works operating in licensed frequencies. The development from time-based pricing to 
service-based revenue models will be further intensified. With cognitive radio, spec-
trum assignment and licensing will become more dynamic. Greater flexibility in re-
sponding to emerging demands of the information society as well as to market re-
quirements will be the result, promising a significant improvement of public welfare. 
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The spectrum sharing analysis tool YouShi2 has been initially developed by Man-
gold (2003) and the author. The author extended the capabilities of YouShi2 to the 
current status. YouShi2 is based on the commercial software tool MatlabTM. Youshi is 
Chinese and stands for “the game”. YouShi2 enables the stochastic evaluation of the 
IEEE 802.11e EDCA in Chapter 4 through simulations. The capability to support QoS 
on the basis of the EDCA and its backoff procedure is simulated. The results discussed 
in the Chapters 6 to 9 of this thesis are also produced with this tool to evaluate the 
spectrum sharing of cognitive radios. Namely two approaches are realized in this tool: 
The Spectrum Load Smoothing (SLS) and the application of solution concepts derived 
from game theory. YouShi2 allows a stochastic evaluation of the observed QoS during 
a frame-based interaction. In the application of game theory, the tool offers further an 
analytical calculation of the observed QoS in spectrum sharing scenarios from Man-
gold (2003: 160-172) which is summarized in Appendix B.2. 

A.1 Modeling QoS Requirements and Demands 
Up to five cognitive radios are implemented in YouShi2. An additional entity repre-
sents the EDCA of all spectrum sharing IEEE 802.11e based cognitive radios as back-
ground traffic. The EDCA is modeled through an Ethernet traffic trace file (Bellcore, 
2000) that is also used in the WARP2 simulator (Mangold, 2003: 215-219). The trace 
file is logged at the Data Link Layer (DLL) and represents the offered traffic at the 
radio-interface resulting from typical internet applications. Due to its less prior access 
and the presence of multiple HCs allocating the medium, the EDCA is here overloaded.  
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The QoS requirements Θ , ∆  and Ξ  reflect the constrains to spectrum access of the 
applications that are supported by the cognitive radios. In case of the SLS these re-
quirements are modeled as defined in Section 6.5.2, p. 115, and for the game theory 
based approach these QoS requirements are defined in a similar way in Section 7.4.1, 
p. 138. 

A.2 Resource Allocation and Collisions 
The superframe of 802.11e is the basis for the interaction of the cognitive radios ana-
lyzed with YouShi2. Within this thesis, a superframe duration of 100 ms is assumed 
independent from the spectrum sharing approach under consideration. In SLS the 
100 ms determine the duration of the periodic frame structure as illustrated in 
Figure A.1, while in the game model the duration of an SSG is defined by this super-
frame duration. Figure A.1 illustrates the resource allocation and collision resolution in 
a single frame from 100 ms to 200 ms in an HCCA spectrum sharing scenario as de-
scribed in Section 6.6. One primary license holding radio system is represented by 
HC0. HC1 and HC2 apply SLS and distribute their allocations around HC0’s alloca-
tions on the basis of observation. A legacy EDCA entity accesses the medium with 
less priority in case the medium is idle. The dotted lines mark the slots used for the 
SLS.  

Although both approaches developed in this thesis target at the avoidance of collisions, 
cognitive radios may attempt simultaneously a transmission due to missing coordina-
tion. The collision of resource allocations is therefore modeled as follows: Each cogni-
tive radio, representing a HC of 802.11e, has the same highest priority for allocating 
resources. In case the resource is idle after a transmission, the cognitive radios imme-
diately attempt access to the resource before the less-prior EDCA entity tries spectrum 
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Figure A.1: Frame example from 100 ms to 200 ms of resource allocation modeled with YouShi2. 
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allocation after a slightly later time. The allocation attempts of cognitive radios collide 
if multiple cognitive radios wait for the finalization of an ongoing transmission and 
simultaneously initiate their allocation attempt when the radio resource is idle again. In 
case of a collision, the cognitive radios attempt transmission again in the order of their 
last successful resource allocation in the past. This resolves the collision between cog-
nitive radios. Figure A.1 depicts the second step of the application of the SLS corre-
sponding to Figure 6.18, p. 125: The HC’s are on the way to coordinate their alloca-
tions leading in later frames to a smoothed allocation distribution. The allocation at-
tempts of the HCs collide here due to failing (inaccurate) coordination: Being based on 
the observation of past frames, the SLS using devices require some frames to distrib-
ute their allocations around the ones from the primary HC as collisions from the previ-
ous frame falsify the coordination in the current frame. 

Additionally, the allocation attempt of the cognitive radios may also collide with at-
tempts of the less prioritized EDCA entity, as also depicted in Figure A.1. In such a 
case, the cognitive radios have obviously the higher priority for accessing the radio 
resource after the collision. In case of a collision thereafter, with an allocation attempt 
of another cognitive radio the mechanism from above is applied to resolve competition. 

In YouShi2 spectrum sharing scenarios of completely overlapping WLANs operating 
at the same frequency, time and location are considered. An error-free channel model 
is assumed and side effects resulting from the hidden-station problem, link adaptation 
and power control are neglected. 

A.3 Graphical User Interface  
The graphical user interface of YouShi2 used for setting simulation and evaluation 
parameters is depicted in Figure A.2. 
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Figure A.2: The graphical user interface of the spectrum sharing analysis tool 
YouShi2. 
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This appendix gives a short introduction to the analytic models used in this thesis for 
evaluating Quality-of-Service (QoS) in spectrum sharing. In Section B.1, an analytic 
approximation of the backoff process in legacy IEEE 802.11 is summarized allowing 
an analysis of the saturation throughput. This model is the modified in Chapter 4 to 
enable an analytic approximation of the distributed QoS support in IEEE 802.11e. An 
analytic approach for modeling the competition of two players in spectrum sharing 
games is summarized in Section B.2. This model allows players to calculate their ob-
served QoS in dependency on in the opponent’s action and it is therefore intensively 
used in the Chapters 7 to 9 in the context of the players’ Best Response behavior. 

B.1 Bianchi’s 802.11 Saturation Throughput Model 
An analytical approximation of the contention-based medium access of legacy IEEE 
802.11 backoff entities is presented in Bianchi (1998a; 1998b; 2000). A Markov 
model is there described which allows the saturation analysis of the throughput of 
contending 802.11 backoff entities. The saturation throughput is the sum of all MAC 
Service Data Units (MSDUs) transmitted in a system by all backoff entities that are 
always attempting to transmit.  

B.1.1 Backoff Process of IEEE 802.11 as Markov Model 
Figure B.1 illustrates the Markov model of Bianchi (1998a; 1998b). The backoff proc-
ess of one backoff entity is represented by this Markov model which is a stochastic 
process of two dimensions { s( t ),b( t )}.  The stochastic process s( t )  represents 
thereby the changing of the backoff stages due to collisions at time t and b( t )  is the 
process for modeling the size of the contention window of a backoff entity at time t. 

In order to avoid collisions, each backoff entity defers from attempting transmission in 
case the medium is idle for a certain duration. This duration is determined through 
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drawing a random number of slots from an interval referred to as contention window. 
Each backoff entity decreases its backoff counter until one or several entities initiate 
their transmission attempt. The size of the contention window iW  per backoff stage i 
is calculated to 

02 0 1min( i ,m )
iW W , i , ,...m= ⋅ ∈  

and depends on the initial window size 0W . The maximum value for the number of 
backoff stage is introduced by the parameter m which is related to the retry counter of 
802.11. Thus, iW  defines the maximum number of slots a backoff entity waits until 
attempting a transmission in backoff stage i. The backoff stage i is increased in case of 
a collision, as illustrated in Figure B.1. Bianchi (1998a; 1998b; 2000) assumes thereby 
an unlimited number of retries and that the collision probability p is independent from 
state s( t ) , i.e., the probability that more than one backoff entity is initiating transmis-
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Figure B.1: The backoff window process of the IEEE 802.11 distributed coordination function as 
Markov model (Bianchi, 1998a). 
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sion is in dependent from the actual size of the contention window. This assumption, 
also referred to as Markovian characteristic, is more accurate for larger contention 
window sizes than for smaller ones. The transition probabilities of the time discrete 
Markov model of Figure B.1 are defined as  
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For stationary distributions, the Markov model has the following solution: 
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whereas ( ) ( ){ }i ,k tb lim P s t i,b t k→∞= = = . 

The value of 0 0,b  can be calculated with the help of the characteristics of the station-
ary distribution. The distribution has to satisfy 
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By using the solutions of this stationary distribution form above and in applying the 
rule of L’Hospital, 0 0,b  can be calculated to 
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The probability τ  that a backoff entity is attempting a transmission in a generic slot is 
given through the summation over all probabilities 0i ,b , that the backoff counter 
reaches zero: 

0 0
0

0
0
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m ,
i ,

i

b
b with m

p=
τ = = ≥

−
∑  

B.1.2 Collision Probability and State Durations 
The probability p that a transmission attempt fails within a generic slot depends on the 
number of contending backoff entities N and the probability τ  that a single backoff 
entity initiates transmission. Thus the collision probability p is given through 

( ) 11 1 Np −= − − τ  

IEEE 802.11 has a channel sensing mechanism denoted as Clear Channel Assess-
ment (CCA) that detects the status of the channel. SIFS is thereby regarded as part of 
an ongoing frame exchange sequence and therefore treated as a busy channel. The 
probability that a channel is busy CCAbusyP  , that it is idle CCAidleP , that a transmission 
attempt leads to a successful frame exchange successP  and that a transmission attempt 
fails collP  is given by 
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 (B.1) 

In a generic slot, the system model of 802.11 is always in one of the three possible 
states: (i) no transmission is ongoing and the channel is idle, (ii) a transmission attempt 
is a success or (iii) a collision occurs. The respective state durations of these states 
depend on a multitude of MAC and PHY parameters. The state duration CCAidleT  is 
defined by the duration of a slot aSlotTime of the contention window. In 802.11a it has 
a value of aSlotTime = 9 µs. The selected PHY mode has an essential influence on the 
state durations successT  and collT : It determines the frame duration of all transmitted 
frames. Further, the usage of Wired Equivalent Privacy (WEP) encryption and the 
optional address 4 have influence on the duration of transmitted data units (IEEE, 
2003; Mangold, 2003). Additionally, the collision duration depends on the usage of 
RTS/CTS. In summary, the state durations can be calculated to  
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B.1.3 Saturation Throughput 
On the basis of the Markov model and the corresponding definitions from Equa-
tions (B.1) and (B.2), the throughput of legacy 802.11 can be calculated to 

 sat
slot

timeused for successful transmissionThrp
mean slot duration T

=  (B.3) 

The mean slot duration slotT  is given by the term 

  ( )slot success success CCAbusy coll coll CCAidle CCAidleT P T P P T P T= ⋅ + ⋅ + ⋅   (B.4) 

and the time used for transmission is defined as success CCAbusyP P FrameBodySize⋅ ⋅ . 
Thus the saturation throughput satThrp , here normalized relative to the PHY mode to 
values between zero and one 0 1satThrp≤ ≤ , is defined as  
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The frame body size refers to the payload of user date and is assumed to be fixed and 
equal for all backoff entities. The state durations from Equation (B.4) are all constant 
values which depend on the selected PHY mode. The usage of RTS/CTS leads usually 
to shorter collision durations collT  than operation without it.  

B.2 Spectrum Sharing Model 
An analytic approach to model spectrum sharing with the help of a Markov model as 
introduced in this section. This analytic model is developed and analyzed by Man-
gold (2003: 160-172).  

Before the actual play of an SSG, players must select their actions for that particular 
stage. A rational player i selects its action based on its own QoS demands that are 
given by i i

dem dem,Θ ∆  with consideration of the opponent players demands, 
i i

demdem ,
− −

Θ ∆ . 
The superscript indicates the fact that the demands of any opponent player -i are not 
known to a player i but estimated from the observed history of interactions nH . The 
player attempts to optimize its expected utility that depends on the QoS observations, 

i i i
obs obs obs, ,Θ ∆ Θ . For this reason a player must be able to estimate the outcome of a 
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game in advance, i.e., it has to approximate the expected observations based on its 
own demands and the demands of the opponents. In this section we present a model 
for a two players’ game. It allows an analytical approximation of the expected obser-
vations as functions of the demands: 

i
obsii

demdem i
obsi i

dem dem i
obs

,
−

−

⎛ ⎞Θ⎛ ⎞⎛ ⎞ ⎜ ⎟⎛ ⎞Θ Θ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ = ∆
⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟∆ ∆⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎜ ⎟Ξ⎝ ⎠

 

As before, the index -i refers to the opponent of a player i. It is shown in (Mangold, 
2003: 173) that the model is accurate enough to allow players to capture the statistical 
characteristics of the actual game stage. For the observed delays an upper bound is 
calculated which is necessary for players to support QoS. Whereas the model is simple 
enough to allow players to determine the game’s outcome in advance, this model is 
also used for the equilibrium analysis.  

In a game of two players the calculation of the QoS observations is performed using 
the discrete-time Markov chain P shown in Figure B.2. The five states of the Markov 
chain ip , i=0,1,2,3,4 are defined in Table B.1 and the transition probabilities 

ijP , i,j=0,1,2,3,4 in Table B.2. The Markov chain P is the selected model of the sto-
chastic process, which approximates the game of two players. This Markov chain P is 
irreducible as each state communicates with each other. The longer the SSG and the 
higher the number of allocation attempts per stage, the more stationary the process 
becomes. In a short SSG with relatively long and few resource allocations, the station-
ary distribution may depend on the starting state or may even not exist. Therefore, a 
minimum of 10 resource allocations per player is defined, i.e., 0 1i

dem .∆ ≤ . 

With 03 011P P= − , 10 121P P= − , 30 341P P= − , 43 210 0P ,P→ →  and 41 231 1P ,P→ → , 
the corresponding transition probability matrix is given as 
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P23

P41  
Figure B.2: Discrete-time Markov chain P with five states to model the game of two players 
that attempt to allocate common resources. The default state where the channel is idle is named 
p0. For cases of high offered traffic: 43 210 0P , P→ → . 

 

Table B.1: The five states of the Markov process from Figure B.2. 

State Description 
p0 The medium is idle or allocated by low priority TXOP via contention. 
p1 Player 1 successfully allocates resource through polling, player 2 does not attempt to poll. 

p2 
Player 1 successfully allocates resource through polling, player 2 waits for the medium to 
get idle to allocate resources through polling. 

p3 Player 2 successfully allocates resource through polling, player 1 does not attempt to poll. 

p4 
Player 2 successfully allocates resource through polling, player 1 waits for the medium to 
get idle to allocate resource through polling. 

Table B.2: The transition probabilities with Pij>0, i,j=0,1,2,3,4. 

Transition 
probability Description of Probability that... 

P01 
Player 1 allocates resource while the medium is idle or allocated by low priority 
TXOP via contention. 

P03 
Player 2 allocates resource while the medium is idle or allocated by low priority 
TXOPs via contention. 

P10 
Player 2 does not attempt to allocate resources during resource allocation of 
player 1. 

P12 Player 2 does attempt to allocate resources during resource allocation of player 1. 

P21 
Player 2 gives up its attempt to allocate resources before player 1 finishes its 
resource allocation. 

P23 
Player 2 allocates resources right after player 1 finished its allocation, provided 
that it attempted to allocated resources during an allocation of player 1. 

P30 
Player 1 does not attempt to allocate resources during resource allocation of 
player 2. 

P34 Player 1 does attempt to allocate resources during resource allocation of player 2. 

P41 
Player 1 gives up its attempt to allocate resources before player 2 finishes its 
resource allocation. 

P43 
Player 1 allocates resources right after player 2 finished its allocation, provided 
that it attempted to allocated resources during an allocation of player 1. 
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The stationary distribution of the Markov chain P can be calculated to 
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Mangold (2003) assumes 41 231 1P ,P→ → . This implies the assumption that a player 
never gives up its resource allocation attempt and waits with its allocation attempt 
until the opponent has finished its transmission. This leads to a simplification that a 
player does not attempt to allocate more than one resource allocation during an ongo-
ing opponent allocation. 

The solution of Equation (B.5) is described in detail in (Mangold, 2003): The average 
state durations of the Markov model from Figure B.2 and the transition probabilities 

ijP  from Equation (B.5) are expressed as a function of the players demand 
i i
dem dem( , )Θ ∆  and i i

dem dem( , )− −Θ ∆ . After inserting and rearranging the variables, the 
Markov model P results in the following analytical approximation of the SSG observa-
tions: 

i i
i i dem dem
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C.1 International Telecommunication Union 
Frequency spectrum allocation is confided to the Radiocommunication Sector of the 
International Telecommunication Union (ITU-R). ITU-R ensures the rational, equita-
ble, efficient and economical use of the radio-frequency spectrum by all services using 
radio communication. ITU agreements on spectrum allocation are set out in the ITU 
Radio Regulations (ITU RR), which have the status of a treaty. The ITU RR regulate 
the use of radio spectrum internationally. They form a global framework for regional 
and national planning, although nations remain sovereign in their individual use of the 
radio spectrum in their own territory and article 48 of the ITU constitution states that 
ITU members may retain their freedom with regard to military radio operation. The 
ITU RR are regularly revised through World Radio Conferences (WRCs), which take 
place every 2-3 years. The next WRC is scheduled for 2007 in Geneva. 

C.2 Europe 
At the European level, a more detailed spectrum planning is conducted through the 
Electronic Communications Committee (ECC) of the European Conference of Post 
and Telecommunications Administrations (CEPT) which currently has 46 member 
countries. Frequency allocation issues are handled through the Frequency Manage-
ment Working Group (FM) and there are also committees dealing with Radio Regula-
tory (RR) and Spectrum Engineering (SE) issues. In October 2001, the ECC’s struc-
ture has been significantly changed when the responsibilities of the radio and tele-
communications fields of the CEPT, previously handled separately, were combined in 
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a new ECC. Each of ECC’s three main working groups (FM, RR and SE) has a num-
ber of project teams each with a specific area of responsibility. The ECC issues reports, 
recommendations and decisions on spectrum usage. When implemented by member 
countries, these form the basis for European harmonization of spectrum usage at the 
concrete level of allocation and assignment.  

In Europe, the long-term planning spectrum regulation is coordinated by the ECC. The 
ECC and has produced therefore the European Common Allocation Table (ECA), a 
harmonized frequency table for entire Europe, covering the complete usable spectrum. 
The ECC also provides the forum for coordinating European preparations for WRCs 
through its Conference Preparatory Group (CPG).  

EU has also adopted measures targeting at spectrum harmonization. In the early 1990s, 
three frequency harmonization directives were adopted, on GSM, DECT and ERMES. 
Contrary to ECC recommendations and decisions, these directives are generally bind-
ing for the member states. In 1992, the members of EU agreed that European spectrum 
harmonization should normally be carried out through CEPT and that they commit 
themselves to full participation in the development and implementation of ERC/ECC 
decisions. 

In the recent decades European member states privatized formerly state owned tele-
communication companies to overcome market entry barriers and to harmonize the 
member state’s law. The “New Regulatory Framework” targets at establishing condi-
tions for a fair and efficient competition in eliminating sector specific regulation (EU, 
2002b). The regulatory framework assumes a “significant market power” as basis for 
regulation. The framework sees a requirement for a minimal level of regulation to 
enable the interconnection of all public communication networks and providers in 
aiming at a single interoperable network. Under this EU framework, the finding of a 
significant market power permits the national regulators of the member states an indi-
vidual spectrum regulation. The “Radio Spectrum Decision” (EU, 2002a) aims at the 
harmonization of conditions under consideration of availability and efficient use of the 
radio spectrum necessary for establishment and functioning of the internal markets like 
electronic communications, transport and research and development. 

C.3 Germany 
In Germany the Bundesnetzagentur (BNetzA) formerly referred to as Regulatory Au-
thority for Telecommunications and Posts (RegTP) is responsible for spectrum regula-
tion. The emphasis of Germany’s frequency regulation in the next years is presented in 
(Bundesnetzagentur, 2005): The status quo and strategies for the future are introduced 
for many frequency bands. This includes for instance the global harmonisation of 
frequencies assigned to WLANs and a frequency refarming. The future of 
UMTS/GSM/DECT frequencies, frequency trading and strategies for UWB applica-
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tions are planned for a future revision of this document. The Bundesnetzagentur tar-
gets at a transparency of future frequency regulation and would like to give guidelines 
for future research, innovation and investment decisions. Since 2002, Germany is 
deploying a network for digital television broadcasts. Germany’s capital, Berlin, com-
pletely switched of the analogue television and replaced it through digital broadcasts. 
Thereby, the number of broadcast stations was increased from 12 to 28 as a multiplex-
ing allows the operation of four High Definition (HD) digital channels in the spectrum 
required for one analogue channel. It is planned to provide digital television broadcasts 
to 90% of the population by the end of 2008. 

C.4 China 
In China, radio spectrum is regulated on two levels: The Ministry of Information In-
dustry (MII) and its Radio Regulatory Department are responsible for nation wide 
regulation, while provincial radio regulation institutions realize state regulation and 
administrate regional regulation. Additionally, China has the Army Radio Regulatory 
Commission which regulates spectrum usage for military communication systems. The 
MII is technically supported by the China Radio Monitoring Center which supervises 
spectrum usage in looking for interference and unauthorized radio transmissions.  

Spectrum regulation in China is restrictive and driven from interests to protect the 
domestic economic markets. The MII issues Network Access Licenses that permit the 
operation of telecommunication equipment. Without such a license no operation is 
allowed. In the recent years, the MII did not follow international efforts of harmoniz-
ing standards and regulation. Instead, the MII favors individual solutions analogous to 
many other consumer products like DVDs. In 2003 for instance, the MII initiated the 
attempt that all Wi-Fi products require a Chinese encryption standard. Nevertheless, 
China is splitting its administrative and enterprise functions related to spectrum to 
enable competition and to break monopoly. 

C.5 Japan 
In Japan, the Ministry of Internal Affairs and Communications (MIC) changed in 2004 
its name from Ministry of Public Management, Home Affairs, Posts and Telecommu-
nications (MPHPT) to MIC. The MIC is responsible for planning, designing and pro-
moting general policies for using communication devices and is in charge for fre-
quency allocation. The Association of Radio Industries and Businesses (ARIB) is 
designated by the MIC as the “Center for Promotion of Efficient Use of Radio Spec-
trum” and the “Designated Frequency Change Support Agency”. The ARIB conducts 
studies, establishes standards and provides consultation services for radio spectrum 
coordination in cooperation with oversea organizations. The ARIB has currently 277 
members from the sectors of telecommunications, broadcasting services, research, 
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development and manufacturing of radio equipment. The Telecom Engineering Cen-
ter (TELEC) provides services related to technical regulation and conformity certifica-
tion under designation of the MIC.  

The MIC has identified in its Radio Policy Vision (MIC, 2003) for the year 2013 a 
bandwidth of at least 1.5 GHz below 6 GHz as requirement for future needs. The Ra-
dio Policy Vision identifies (i) the review of frequency assignments, (ii) the establish-
ment of rules enabling a fast as well as easy re-allocation of spectrum and (iii) a recon-
sideration of the fee system for using spectrum as cornerstones of future spectrum 
management. The MIC is establishing a legal basis for a compensation system in spec-
trum re-allocation. The economic profits for new spectrum users are used to compen-
sate the economic losses for the incumbent radio system in collecting additional usage 
fees from the beneficiaries. A first example for implementing such a compensation 
system is given in 2005: The 100 MHz band from 4.9 to 5.0 GHz is freed from being 
licensed for fixed microwave stations of the telecommunication business to enable the 
outdoor operation of WLANs in metropolitan areas. 

C.6 United States of America 
In the United States of America (US), responsibility for spectrum management is 
shared between the Federal Communications Commission (FCC) and the National 
Telecommunications and Information Administration (NTIA) in particular its Office of 
Spectrum Management (OSM). The NTIA is responsible for the spectrum used by the 
government, while the FCC is in charge for spectrum used for non-government pur-
poses. 

The Spectrum Policy Task Group of the FCC has identified three approaches to the 
enhancement of spectrum utilization (FCC, 2002): (i) Improve access in space, time 
and frequency domain, (ii) enable flexible regulation in permitting controlled access to 
licensed spectrum and (iii) stimulate efficient spectrum usage through policies. There-
fore, FCC is rethinking its licensing policy. This is reflected in the fact that no major 
spectrum allocations for licensed usage have been released since the assignment of the 
frequencies for PCS in 1993. On the other hand the FCC is initiating multiple ap-
proaches to liberalization of spectrum usage. Thereby, the FCC is targeting at market-
orientation and flexibility to provide opportunities for new technologies and to stimu-
late investments. The additional unlicensed spectrum at 5 GHz (FCC, 2003a), the new 
unlicensed band at 3.7 GHz (FCC, 2004a) and the opportunistic usage of TV bands 
(FCC, 2004b), as depicted in Figure 2.4, are examples for this. Additionally, the FCC 
is also focusing on cognitive radio technologies for flexible and reliable spectrum 
usage (FCC, 2003b, 2005a) and the Spectrum Policy Task Group of the FCC intro-
duced the Interference Temperature Concept for underlay spectrum sharing (FCC, 
2003c) as outlined in Section 2.6.3. 
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