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Abstract — Spectrum sharing in unlicensed bands is expected to 
become an increasingly significant research problem. With the 
proliferation of IEEE 802.11 wireless local area networks, and 
other future radio systems using the unlicensed bands, spectral 
coexistence of dissimilar radio systems has to be addressed in the 
future. Coexistence can be achieved with the help of spectrum 
etiquette, or alternatively by implementing new communication 
protocols and defining common spectrum coordination channels. 
In this paper, we investigate how two independent wireless 
networks may share spectrum without direct coordination and 
information exchange. We start with illustrating our previously 
introduced stage-based game model of such scenarios. The 
application of game models allows us to analyze the problem as a 
competition of players: Within radio resource sharing games, 
payoff-maximizing players represent wireless networks. Decisions 
that players repeatedly have to make are about when, and how 
often, to attempt medium access. In this paper’s analysis, we use 
an established notation to describe multi-stage strategies that 
determine player’s decision-making. Should radio networks 
cooperate? Or, should competing radio networks ignore the 
presence of other radio networks? What is the expected outcome 
in a repeated interaction? This paper shows that traffic 
requirements imposed by services and applications determine the 
selected strategies, which pursue cooperation or ignore other radio 
systems.  
Keywords — coexistence, open spectrum, unlicensed bands, 
distributed quality of service support, IEEE 802.11, IEEE 802.11e 

I. INTRODUCTION 
Typically, Wireless Local Area Networks (WLANs) operate in 

unlicensed frequency bands. Consequently, they may often 
operate in problematic situations, where different radio networks 
share the same radio resources. Such scenarios are not addressed 
in existing radio standards like the popular IEEE 802.11(e) [1], 
but discussed for future radio standards at standardization groups 
like IEEE 802.19 and the Wi-Fi™ Alliance [13]. In our paper, we 
approach this coexistence problem with a stage-based 
game [14]-[16], to analyze scenarios of two WLANs that share a 
common radio channel. Each WLAN is represented by a player, 
which interacts with another player, for coordinating the usage of 
common radio resources, with the goal to support Quality of 
Service (QoS) [2]. To address that wireless networks typically are 
not designed to exchange information (like, for example, 

Wi-Fi™ and Bluetooth™) and may nevertheless have to share 
radio resources, we assume that players cannot communicate 
with each other. The players interact repeatedly by selecting their 
behaviors (which means that they select how often and how long 
channel allocations are attempted, determined by player’s multi-
stage strategies). To select their own behaviors, players estimate 
their opponent’s behaviors from what they observe. This is 
necessary due to the absence of direct information exchange 
between players.  

A. Related Work 
In this paper, we focus on the support of QoS by means of 

cooperation in decentralized wireless networks, in contrast to [3] 
and [4]. In those papers, cooperative relaying/routing in ad-hoc 
networks is considered. The delay minimization in slotted 
ALOHA is analyzed as a game problem in [5] ending in an 
insufficient system. Here, games are applied to optimize 
throughput and delay with a multi-dimensional utility function as 
abstract representation of the observed QoS. The observed utility 
from the competitive access to the radio resource is in the 
following referred to as payoff. In this paper, the focus is on the 
evaluation of strategies in Multi Stage Game (MSGs) that are 
formed by repeated Single Stage Games (SSGs): If or if not a 
network can guarantee QoS support is dermined by comparing 
the observed throughput and delays with the individual 
requirements of different traffic streams. 

Solution concepts from non-cooperative game theory are 
applied in this paper; while cooperative game theory is for 
instance considered in [6].  

We continue our previous work on radio resource sharing 
games of coexisting wireless networks: In [2] and [7] we 
introduce the structure of an SSG, including a definition of the 
individual utility/payoff functions. Additionally, we evaluate 
possible outcomes of SSGs and static strategies, i.e., strategies 
that do not adapt to changing conditions, in MSGs. A simple 
Markov model to estimate throughputs for the radio resource 
sharing in SSG is outlined in [8]. 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 
establish cooperation through punishment are introduced in [2] 



and [9]. 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 [10]: The ability 
of distributed QoS support is evaluated in focusing on the 
observed payoff in MSGs. The capability of punishment together 
with a comparison between game outcomes from aimed 
interaction and random play are illustrated in [11] including a 
refinement of the utility/payoff functions.  

In this paper our concept of SSGs and MSGs is recaptured in 
Sections II to IV. The outcomes of MSGs mutually depend on the 
strategies that are selected by all players. We compare in 
Sections V and VI different dynamic strategies and discuss how 
they support QoS, when players apply them. 

II. QUALITY OF SERVICE AS UTILITY [7],[11] 
We define four abstract and normalized representations of QoS 

targets in the context of the game model: (i) the throughput 
[ ]0..1Θ∈ , (ii) the period length [ ]0..0.1∆∈  and  (iii) the delay 
[ ]0..0.1Ξ∈ . The players’ required (req) QoS targets given 

through supported applications define the shape of the utility 
function, as depicted in Fig. 1. The demanded (dem) 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 and 
therefore regarded as the players’ action = Θ ∆dem dema : ( , ) . The 
period length, i.e., duration between two successive allocations, 
aims at a signaling of and taking influence on the players’ 
tolerable delay: The period length and throughput can be 
observed (obs) and estimated by opponents, contrary to a 
maximum tolerable delay. The observation of the opponent 
enables an aimed response. The observed delay Ξ , as difference 
between demanded and observed allocation point of time, is 
additionally considered in the utility/payoff function to reflect the 
mutual interference in the dynamics of the game.  

These targets are gathered in a multi-dimensional utility 
function: The overall utility of player i, iU +∈ , is given 
through  
 ( ) ( ) ( )Θ ∆ Ξ= Θ Θ Θ ⋅ ∆ ∆ ⋅ Ξ Ξi i i i i i i i i i i

dem obs req obs req obs reqU U U U, , , ,  (1) 

where iU  is a non negative real number. All utility terms have 
values between 0 and 1. iUΘ  and iU∆ are defined in [7] while the 
third term iUΞ  is introduced in [11]. The utility function iU  is 
quasi-concave and has a unique maximum at the optimal 
fulfillment of the players QoS requirements, as depicted in Fig. 1. 
iUΞ  influences the absolute value of the overall observed utility 
iU :  With increasing observed delay  Ξ iobs , which is still shorter 

than the required Ξ ireq  (maximal tolerated) delay, the observed 
utility decreases.  

The payoff iV  of player i is defined as observed utility under 

competition for spectrum utilization, here with one opponent 
player, in the following referred to as -i. The payoff as outcome 
of an SSG takes besides the player’s action ia  the action of the 
opponent −ia  into account: 

 ( ) ( ) ( )− − −= Θ ∆ Θ ∆ →i i i i i i i i i i
dem dem dem demV a ,a V , , , U a  (2)  

The presence of the opponent, i.e., the mutual delays and 
collisions of the players’ allocations, reduce their payoffs. The 
payoff is the target of the players’ efforts of optimization that 
may result from an aimed interaction with the opponent. 

III. SINGLE STAGE GAMES [9] 
An SSG is defined by a fixed interval of time. This interval is 

for example an IEEE 802.11e superframe (the time between two 
consecutive beacon frames that are used for periodically 
broadcasting control information), with a typical duration of 
100 ms. Corresponding to 802.11e, the allocation of a player (a 
Medium Access Control (MAC) management entity of a single 
wireless network) is referred to as Transmission 
Opportunity (TXOP). A player can select behaviors such that it 
defects with other players, or alternatively such that it cooperates 
with other players. The behavior referred to as defection (D) 
means that the player attempts to maximize its own payoff, 
independently of how the opponent players act. This usually 
comes with reducing the opponent’s payoff so that the defection 
can be regarded as punishment as well. It is called punishment 
because if one player defects, the opponent player(s) usually 
cannot meet their requirements. In summary, the defection is thus 
the realization of the selfish best response behavior, as introduced 
in [7]. The behavior of cooperation (C) is equivalent to the 
selection of less aggressive MAC parameters and is to the benefit 

Fig. 1. The utility function iU vs. the observation Θ ∆ Ξ )i i i( , ,obs obs obs of 
player i. 



of a player in case of a cooperating opponent.  
In MSGs, the single stage games are repeated continuously, 

say, every IEEE 802.11e superframe. Throughout the course of a 
game, players dynamically modify their behaviors based on the 
history of observed outcomes, as described in the following 
sections. 

IV. MULTI STAGE GAMES [10] 
When selecting how to access the medium, players take into 

account the expected results (the expected payoffs) 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 1λ< < , is defined in [10] which reflects in the 
present stage the worth of future payoffs of following stages. 
Player i’s payoff iV  of an infinite MSG is defined as the sum 
over its payoffs i

tV  of stage t discounted with iλ : 

 ( )λ
λ

∞

=
= = =

−
∑

ti i i i i
t t ti

t 0

1V V V , if V const .
1

 (3) 

In MSGs, strategies determine the behaviors for each 
individual SSGs. The players try to optimize their payoff by 
applying adequate strategies. Using a state model, a strategy 
describes the alternatives a player has. 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. So-called “static 
strategies” always apply the same behavior throughout the entire 
MSG. For example, later in this paper the constant application of 
single behaviors cooperation (C) or defection (D) is used. In 
static strategies, there is no state transition, and the state model 
contains one single state.  

So-called “adaptive strategies” or “dynamic strategies” are 
capable of changing behaviors from SSG to SSG. In dynamic 
strategies, there are state transitions, and the state model is 
composed of more than one state. Strategies are the core focus of 
this paper, their concept is explained in more detail in the next 
section. 

V. STRATEGIES IN MULTI STAGE GAMES 
A strategy describes the alternatives a player has for its 

actions, under consideration of the repeated past interaction with 
competing players. In our game model, the strategy of a player is 
the decision-making process. We only allow what is in game 
theory referred to as “pure” strategy [14]: Players have to choose 

one specific behavior for each stage, and cannot perform soft 
decisions by assigning probabilities to different state transitions. 
Following [15], strategies can be interpreted as social norms in 
repeated interaction. These social norms are isolated types of 
strategies that support in any game mutually desirable and thus 
stable payoffs. We distinguish between static and dynamic 
(trigger) strategies, and illustrate the strategies as state machines 
as introduced in Fig. 2. 

A. Static Strategies 
Static strategies are the continuous application of one behavior 

without regarding the opponent’s strategy. In our approach, the 
set of available static strategies is reduced to two, as explained in 
the following. The cooperation strategy (COOP) is characterized 
through cooperating 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. 
Fig. 3(a) illustrates this simple strategy of following a 
cooperative behavior. Equivalently to the COOP strategy, the 
defection strategy (DEF) consists of a permanently chosen 
behavior of defection (D). Fig. 3(b) illustrates the DEF strategy 
as a state machine. 

B. Dynamic (Trigger) Strategies Grim and TitForTat 
Trigger strategies have been analyzed for the first time by 

Friedman [16]. 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 well known Grim (GRIM) and 
TitForTat (TFT) trigger strategies [17] are applied in the 
following. A player with a GRIM strategy punishes the opponent 
for a single deviation from cooperation with a defection for the 
rest of the MSG. 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 cooperation. 
The player cooperates as long as the opponent cooperates, and 
the transition to defection is triggered by the opponent’s 
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Fig. 2. Notation of Osborne and Rubinstein [15]. Strategies are modeled by 
state machines. Each state corresponds to the selection of a behavior. The initial 
state is indicated by a state transition at n=1, and any other state transition is 
triggered by events. 



defection. See Fig. 3(c) 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 M triggers a state transition and is punished by defection in 
the following stage M+1, as illustrated in Fig. 3(d). However, in 
contrast to the GRIM strategy, TFT changes back as soon as the 
opponent cooperates 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 it is robust when applied in non-cooperative environments, 
where opponent players often defect. 

C. RANDOM Strategy 
We also analyze how the different strategies perform when 

applied against purely random behavior. To analyze whether a 
random play, or alternatively a deterministic, predictable play 
that usually results in a stable course of the game is to the 
advantage of a player, we introduce the dynamic strategy 
RANDOM. This strategy, as shown in Fig. 3(e), results in 
uniformly distributed behaviors, 50% cooperation (C) and 50% 
defection (D), regardless what behavior the opponent player may 
select. 

VI.  QOS EVALUATION OF STRATEGIES IN 
MULTI STAGE GAMES 

Strategies in MSGs are analyzed on the basis of payoffs 
in [10]. The success of repeated interaction and/or cooperation 
depends on the players QoS requirements and its preference of 
future payoffs. They determine the players’ ability of punishing, 
which may go along with an own payoff reduction, and the 
possibility of being punished as introduced in [11]. Directly 
related to this is the existence of NEs in MSGs. It can be shown 
with the help of a bargaining domain [7] or at the example of two 
game scenarios [10] that NEs in MSGs might bring better game 
outcomes compared to SSGs but not necessarily have to.  

This section considers the level of QoS support during an 

MSG. Our game model and the basic IEEE 802.11e access 
mechanisms to a shared resource are evaluated with the help of 
our Matlab™-based simulator YouShi [2]. We consider game 
scenarios of completely overlapping WLANs operating at the 
same frequency, time and location. Further we neglect side 
effects resulting from the hidden-station problem, link adaptation 
and power control. A player instance as part of the Station 
Management Entity (SME) realizes our game approach in the 
protocol stack of IEEE 802.11e [2]. 

A. Strategies for QoS support in MSGs 
Here we evaluate the QoS capabilities of the strategies 

introduced in Fig. 3. Multiple MSGs with varying strategies for 
both players are evaluated. 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 
strategy 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). We summarize the QoS 
outcomes in MSGs of various strategies, one example depicted in 
Fig. 4(a). Subfigures (b)-(f) of Fig. 4 illustrate the observed QoS 
of player i: the achievable throughput i

obsΘ , which is given as 
fraction of total capacity, and the Cumulative Distribution 
Function (CDF) of the TXOP allocation delays, which we denote 
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 players have normalized QoS requirements, as defined 
in [2] and [11], of i i i

req req req( , , ) ( 0.4,0.05,0.02 )Θ ∆ Ξ =  and 
i i i
req req req( , , ) ( 0.4,0.031,0.02 )− − −Θ ∆ Ξ = , referred to as game 

scenario I. The parameter∆ i
req determines the period between two 

consecutive TXOP allocation attempts. A third participating 
player represents the background traffic and the contention based 
medium access, the Enhanced Distributed Channel 
Access (EDCA) [1] of both WLANs. We do not consider this 
player in our evaluation; however, Fig. 4(a) shows the EDCA 
TXOP delays. The gray lines mark the 98% percentile of the 
TXOP delay: 98 percent of the allocations observe a delay less 
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Fig. 3. State machines of static strategies: the strategy of cooperation (a) and defection (b). State machines of trigger strategies (=dynamic strategies): The GRIM 
strategy (c) defects forever, upon one opponent’s defection. The TitForTat strategy (d) defects after opponent’s defection, and cooperates after opponent’s 
cooperation. The RANDOM strategy (e) implies a chance of 50 percent for cooperation (C) or defection (D). 



than the corresponding delay value at the curve’s crossing point 
with this line. 

In the MSG example of Fig. 4(a) the player i follows the DEF 
strategy while the opponent -i applies the strategy COOP. The 
player i exceeds its required throughput Θ > Θ =i i

obs req 0.4  
contrary to the opponent, which misses its requirement 

− −Θ < Θ =i i
obs req 0.4 . In terms of allocation delays, the player i with 

its DEF strategy observes much shorter TXOP delays than the 
cooperating opponent. These strategies 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 Fig. 4(b). 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 demanded 
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) [11]. The DEF strategy leads against COOP for 
98 percent of the allocation attempts to delays less than 0.8 ms. 

Thus, the strategy of DEF is the best strategy compared to the 
others with delays of 2.2 ms.  

The success of the COOP strategy is evaluated in Fig. 4(c): 
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 increased opportunity for 
accessing the medium. The allocation attempts of the third, less 
prioritized player benefit as well. As consequence, player i 
slightly misses its required throughput 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 to the step-like shape of the curves in the CDF of 
(COOP|DEF). The RANDOM strategy 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). 

Fig. 4(d) 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 
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Fig. 4. CDFs of resource allocation delays and observed mean throughputs resulting from MSGs of player i. In each subfigure besides (a) player i has a fixed strategy 
while the opponent’s -i strategy is varied. 



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 state machine for the GRIM strategy is depicted in 
Fig. 4(e). In our 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 
cooperating 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) [11] do not 
emerge compared to an MSG of (TFT|RANDOM). 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 Fig. 4(f). In general, this strategy with its frequent 
fluctuation in behavior leads to adaptation processes 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 [11]. 

B. Inter Strategy Comparison 
For the comparison of the success of different strategies of a 

player under consideration of the opponent’s strategies as a 
whole, we need a summarizing value for each strategy. 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. We 
define therefore a weighted Strategy Comparison Index (SCI) of 
player i to 

 ( )Ki i i i
k k req ,k obs ,k

k 1
delay throughput

SCI : w 98% percentile 1
=

= ⋅ ⋅ + Θ −Θ∑ , (4) 

where K=3 is the number of considered opponent strategies 
∈k {COOP,DEF ,RANDOM}  and kw  the weight of strategy k. 

To compare the different delay CDFs of Fig. 4, we focus on the 
98% percentile of the resource allocation delay (TXOP delay) of 
player i and assume equal weights with =kw 1 K . The 98% 
percentile is therefore marked in Fig. 4 through a gray line. The 
term + Θ − Θi i

req ,k obs ,k1  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. We choose the strategies of COOP, DEF and RANDOM as 
representative for all to the opponent available strategies. The 
SCIs for both players resulting from MSGs analogous to 
Fig. 4(b)-(f) are summarized in Fig. 5. Fig. 4(b)-(f) lead thereby 
to the graph marked with crosses and the other values are formed 
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 Fig. 5, we 
explain the concept of strength of a player first of all: the strength 
of a player against its opponent is decisive 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 
Fig. 4(a) and (COOP|DEF) of Fig. 4(c) 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 (c) while vice versa the opponent observes delays up 
to 4.4 ms (a). 

Now we discuss the results shown in Fig. 5 corresponding to 
game scenario I: The GRIM strategy is the most adequate one for 
both players to successfully support QoS. The best response 
behavior corresponding to the defection is successful against a 
non-cooperating opponent. Nevertheless lead MSGs of game 
wide cooperation for player i to shorter delays and thus the 
GRIM strategy is the most suitable one. This is contrary to the 
results of player -i, which show the same SCI value for the DEF 
strategy. 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 to shorter delays for player i than (D,C), as 
also depicted in Fig. 4(c) and (b). This is not the case for player -i 
and thus the DEF and GRIM strategies are both preferable. In 
summary, defective strategies are to be favored in this game 
scenario by both players. 
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Fig. 5. Strategy comparison of the success for QoS support with the help of a 
Strategy Comparison Index, see (4). 



Now, an additional game scenario II with slightly different 
QoS requirements of i i i

req req req( , , ) ( 0.1,0.05,0.02 )Θ ∆ Ξ =  and 
i i i
req req req( , , ) ( 0.4,0.031,0.02 )− − −Θ ∆ Ξ =  is considered: The results are 

summarized in Fig. 5 with the graphs marked through squares 
and diamonds. Here, 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 competition for the medium is less severe, 
compared to the previous scenario, leading to an advantage in 
strategies with cooperative game outcomes of (C,C). Here, the 
best response optimizes the players’ payoff with less destructive 
interference, i.e., blocking of the medium, for the opponent: 
Player -i with −Θ =ireq 0.4  is more sensitive to the opponent’s 
behavior and has a better QoS with the TFT trigger strategy. 

VII. CONCLUSIONS 
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. 
Our 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. 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 our intention 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 further improve the 
reduction of mutual interference.  

The cost of our game approach is the need for a predictable 
allocation of spectrum, for the purpose of enabling wireless 
networks to achieve interaction. 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.  
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