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Abstract In this work, we studied the resource allocation problem in a spectrum leasing
scenario in MIMO cooperative cognitive radio networks (MIMO-CCRN) with multi
channels using a coalitional game based approach. It is proved that the best case is to group
all primary users (PUs) and secondary users (SUs) in a set, where each PU is able to lease
its unused spectrum to all SUs using a time-division based strategy and the SUs relay the
primary signals, in return. As a result of such grouping, the grand coalition is formed.
Then, the stability of the proposed coalitional game based approach is analyzed using the
core concept. Afterwards, using the achievements of the first part, we investigate a prac-
tical scenario where the data rate of the primary system, falls below a minimum data rate
requirement, and alternatively, the PU resorts to the leasing of its unused spectrum to SUs.
However, it is guaranteed that the SUs perform as cooperatively as to meet the rate
requirement of the primary system. Moreover, the benefits of cooperating with the primary
system may not be exploited by the secondary system efficiently, if the SUs compete over
the resources. We propose a two-level game based on the bargaining games to tackle the
aforementioned problems. More specifically, we model the interactions between the pri-
mary and the secondary systems as the first level cooperative game and we utilize the
bargaining games as the second level of the proposed framework to share the benefits of
spectrum leasing among the cooperating SUs in a fair and efficient manner. The simulation
results confirm the theoretical achievements.
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1 Introduction

Cognitive radio (CR) and multi-input multi-output (MIMO) communications have been
proposed as promising solutions to improve spectrum utilization and efficiency in wireless
networks. Dynamic and opportunistic spectrum access allows secondary users (SUs) to
communicate on temporarily idle or underutilized frequencies. Moreover, MIMO systems
enhance spectral efficiency by having a multi-antenna node simultaneously transmit
multiple data streams. In newly emerging systems and standards (e.g., WIMAX, 4G
Advanced-LTE, IEEE 802.16e) MIMO communications has been as a core feature. TV
white bands have also been approved by the FCC for opportunistic, secondary use [1]. As a
result, the current trend followed by the research society incorporates recent innovations of
the two technologies into a single system.

The non-participation of primary users (PUs), as assumed in the traditional dynamic
spectrum access schemes, is inefficient in terms of utilizing the spectrum. As a remedy, we
can allow PUs to proactively manage the amount of secondary activity in their licensed
band [2]. In [2, 3], a framework for dynamic spectrum leasing was proposed, where the
PUs are rewarded for allowing SUs to operate in their licensed spectrum. Thus, the PUs
have an incentive to allow SUs to access the spectrum whenever possible to the maximum
extent. The spectrum leasing problem in a decentralized cognitive radio model was studied
in [4], whereby a PU leases its bandwidth for a fraction of time to a network of independent
SUs in exchange for cooperation.

The issue of resource allocation in MIMO CR networks was explored in [5-8]. The
authors in [5] presented a low complexity semi-distributed algorithm for resource allo-
cation in MIMO-OFDM based CR networks, using game theory approach, the strong
duality in convex optimization and the primal decomposition method. In [6], the authors
extended the pricing concept to MIMO-OFDM based CR networks and presented two
iterative algorithms for resource allocation in such systems. In order to obtain an optimal
subcarrier pairing, relay assignment and power allocation in MIMO-OFDM based CCRNSs,
the dual decomposition technique was recruited in [7] to maximize the sum-rate subject to
the interference temperature limit of the PUs. Moreover, because of high computational
complexity of the optimal approach, a suboptimal algorithm was further proposed in [7]
and [8].

The optimal resource allocation in MIMO cognitive radio networks with heterogeneous
secondary users, centralized and distributed users, was investigated in [9]. The authors in
[10] modeled the problem of joint relay selection and power allocation in MIMO-OFDM
based CCRNs as a two-level cooperative game problem with two objectives. The first
objective is to assign each weak SU to one of the relays (rich SUs) through solving a
problem achieved by a non-transferable utility coalition graph game, and the second one is
to jointly allocating available channels to the SUs such that no subchannel is allocated to
more than one SU and simultaneously optimize the transmit covariance matrices of nodes
based on the Nash bargaining solution, which is the second level of the game.

The resource allocation problem in a spectrum leasing scenario in cooperative cognitive
radio networks (CCRN) was addressed from various aspects, such as channel allocation for
secondary system, relay selection, and power allocation [11, 14]. In [11], the joint prob-
lems of subchannel allocation, relay selection, and relay strategy in a multi-channel CCRN
were considered and a unified framework based on Nash Bargaining Solutions was further
proposed. When there exist one PU and multiple SUs in a single-channel system, the
resource allocation problem for spectrum leasing was formulated as a Stackelberg game in
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[12, 13]. One of contributions of this work is to consider the existence of multiple channel
and multiple PUs in the system which complicates the analysis and we further utilize the
coalitional game theory to study the behavior of the various users in the system. The
authors solved the problem of resource allocation in a spectrum leasing scenario in CCRN
in [14], where the CR users allocate the whole their transmission power in a portion of
transmission frame to relay the primary signals. In return, the PU pairs lease their unused
portion of transmission frame to the SUs.

In this work, we firstly study a coalitional game-based approach for resource allocation
in a multi-channel cooperative cognitive radio network with multiple PUs and SUs. We
form the grand coalition through grouping all PUs and SUs in a set, where each PU can
lease its spectrum to all SUs in a time-division manner. Meanwhile, the SUs help the data
transmission of PUs by relaying, in return. Through validating that the solution concept of
the coalitional game (the core) is nonempty, we prove that the grand coalition is stable in
the proposed scenario. Therefore, we conclude that from the coalitional game- based point
of view, the optimal case for the spectrum leasing scenario in MIMO cooperative cognitive
radio networks (MIMO-CCRN) is to put all the PUs and the SUs in a coalition.

Afterwards, we study a MIMO-CCRN system with practical assumptions like the
minimum rate demand of the PUs. We aim at maximizing simultaneously the data rate of
the PUs and the SUs. Meanwhile, the interactions among the SUs to access the leased
channels is modeled using the bargaining games to allocate the spectrum in a fair and
optimal manner. In a brief, we propose a two-level cooperative game based approach to
tackle the aforementioned problems. To provide more clarification, in the proposed
framework, the interactions between the PU and the SUs are modeled as the first level
bargain game while the second level bargain game is used to formulate the SUs decision
making process on spectrum sharing. We analyze the optimal actions of the PU and the SU
and derive the theoretic results for the one-PU one-SU scenario. We further extend the
achievements for the one-PU multi-SU scenario using a revised numerical searching
algorithm and then, we prove its convergence.

2 System Model and Basic Assumptions
2.1 System Setup

We consider a single-cell network where the Npy primary users (PUs) communicate with
the primary base station (PBS), while Ngy pairs of SUs are seeking vacant channels for
transmitting data to their respective secondary receivers (SRs). It is assumed that the PUs
transmit to the PBS taking advantage of the SUs cooperation and there is no direct link
between the PUs and the PBS. All users are assumed to be equipped with multiple antennas
and without losing the generality, it is further assumed that all the users are equipped with
N antennas. We denote the set of PUs and SUs by Npy={l,...,Npy} and
Ny ={1,...,Nsy}, respectively. Without losing the generality and for ease of exposi-
tion, we assume that the i-th PU communicates with PBS using the i-th subchannel only,
and the set of all PUs’ subchannels in the primary network is denoted by
Np={1,...,Npy}. The secondary transmitters can only communicate their respective
receivers using the subchannels leased from a group of PUs, and as a result, a coalition is
formed between the PUs and the SUs.
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As described earlier, we firstly aim at studying a coalitional game based method to
resource allocation in a multi-channel cooperative cognitive radio network with multiple
PUs and SUs. A coalition § = Spy U Sgy is a subset of A pyy U N gy in which multiple PUs
and SUs cooperate, where Spy C N py and Ssy € Nsy. The coalition N py U Ny is
called the grand coalition. A simple example of the system model with two PUs and two
SUs is shown in Fig. 1. According to Fig. 1, PU 1 and SU 1 may form a coalition §; and
PU 2 and SU 2 form another coalition S,, or all of them form a grand coalition. The
benefits of the grand coalition for PUs and SUs are summarized in the following:

— It will be possible for the PUs to select different relay nodes and thereby, PUs gain
more revenues.

— Forming the grand coalition enables the SUs to obtain more opportunities to access
subchannels leased by different PUs.

Our objective at the first part of this work is to validate the above two statements using the
the coalitional game theory [15].

subsectionCoalition-based Transmission Conventions

Before proceeding to the game theoretic formulation and analysis, we describe the
cooperation mechanism and assumptions in the following:

1. It is possible for the SUs to use different subchannels at any given time.

2. Inthe formed coalition, each PU has only one available subchannel to lease to the SUs.
When an SU relays the PU is traffic, it uses the subchannel i leased by PU i.

3. Cooperative transmissions for PUs and SUs are realized in a time-division fashion. As
shown in Fig. 1, the first time slot is for PUs transmission and the second time slot for
SUs transmission. The second time slot is further divided into two parts, i.e., SUs
relaying PUs’ data and transmitting their own data. In the second time slot, the fraction
of time that SU j relays PU i’s traffic (using subchannel i) and transmits its own traffic
using subchannel [ are denoted by f3;; and o;;, respectively, where 0 <f;; <1 and
0<o;;<1forallic Spy,j€ Ssy, and [ € Sr.

4. The cooperation strategy in the proposed scenario is Amplify-and-forward (AF).
Meanwhile, we assume flat Rayleigh fading for all channels which is invariant within
each time-slot. The PBS uses maximal ratio combining to combine signals from the
direct link and cooperative links. The PBS is also aware of the channel state
information (CSI).

2.2 Utility Function

When PU m transmits to the PBS taking advantage of the cooperation of SU k, the received
signal at the PBS can be written as

Yo = GiAu i X + GrAiZic + Wiy, (1)

where x,, € CV *1" denotes the transmit signal of PU m; H,,; and G are channel matrices
from PU m to SU k and from SU k to PBS, respectively; A,,; denotes the amplification
matrix at SU k for the signals of PU m; The noise contribution at SU k and the PBS are
denoted by z ~CN(0,6°Iy) and w, ~CN(0,0°1y), respectively, where we have
assumed the same noise power at all SUs and PBS. Due to the availability of the full CSI at
all nodes, we can use the singular value decomposition of the channel matrices to deter-
mine transmit and receive beamforming matrices at all nodes. Since these matrices are
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Fig. 1 The system model for the spectrum leasing in MIMO-CCRN from a coalitional game based point of
view and the transmission slots: a secondary transmitters (STs) receive primary signals In the first time slot;
b In the second time slot, STs cooperate with PUs or transmit signals to their respective secondary receivers
(SRs)

unitary they do not change the statistics of the channel and therefore preserve the mutual

information and error performance of this link. The singular value decomposition of the
channel matrices is given by
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Hm,k = Um,k/lm,kvzyk (2)

G, = S, I'\DY
Using the appropriate beamforming, the resulting transmit signal at PU m is thus given by
X = VX, and the amplification matrix has the structure A, = Dka.kUZk- The PBS

multiplies the received signal in (1) by SkH such that it can be expressed as
ym = S?ym = FkaﬁkAm,kﬁm + Fka,kik + Wm (3)

where z; = UZJ(Z,< and w,, = SkH w,, denote the equivalent noise contributions.

Up till now, we have no restriction on the structure of the gain matrix II,, x. The optimal
structure of II,; is found through the maximization of the achievable data rate of PU
m which is given by

-1

R", = By, log det (IN +% (IM + Tl I ) [iM Ay @ A 1T T ) (4)
where we have assumed that transmit signals Gaussian with @, = E{)Zmif: } Owing to
Hadamard inequality, a requirement for maximizing the determinant in (4) is that the rows
(or columns) of the matrix within the determinant have to be orthogonal [16]. Using this
condition and the observation that all matrices in (4) are diagonal, we pick the gain matrix
I1,,; also as a diagonal matrix. This leads to a diagonal overall matrix in the determinant
which maximizes (4). Therefore, we define I, as

Hm,k == diag{nm,k,h ceey nchAN} (5)
with

s
Pk,n

L 6
Pgmn/lm,k,n + 62 ( )

T kn =
where P, and Py, denote the transmit power of PU m and cooperating SU k on the n-th
spatial subchannel, respectively. A, represents the n-th diagonal element of A,,.

Therefore, the achievable data rate of PU m, taking advantage of the cooperation of SU k£,
can be written as

N Py amknpi bkn
R = nlog 1+ —2r o 7
m.k ; ﬁk, g ( 1+ Pgninam.k,n ¥ P}z,,lbk,n ( )

where @i, = A’:’f# and by, = % Vi denotes the n-th diagonal element of I'y. Hence, the
achievable data rate of PU m can be expressed as

P P
kESSU

In case of leasing the subchannel of PU m to SUs, the cost of PU m’s spectrum leasing can
be modeled as the total fraction of time that its subchannel is used by SUs, i.e.,

M = Z Otke.m 9)

keSsy
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Therefore, the utility of PU m can be written as
Ul =F(R) + ¢ — G(u,) (10)

where F(.) is a concave function which maps the achievable data rate of the PU to a utility
gain, G(.) is a convex function which maps the cost of each PU to a utility loss, and

c? =5 3 o4, denotes the amount of payment of SUs to PU m with 5 representing the
keSsy

price of frequency use per unit time. The achievable data rate of SU k can be expressed as

I (11)

JESF

where R} j = Ry represents the maximum data rate of the k-th SU link using the j-th
channel and using the appropriate transmit and receive beamforming in each SU link, we
have,

Rk,leog< kﬂk”) (12)

where 0y, denotes the n-th eigen-value of the channel matrix in the k-th SU link over the
Jj-th channel. Then, the utility of the k-th SU link can be expressed as

U, =L(R}) — ¢} (13)

where L(.) is a concave function to project the rate to the revenues and ¢ =1 Y. o
keSsy

denotes the payment of the k-th SU to the PUs.
In the next section, we recruit the coalitional cooperative games to formulate and
analyze the performance of the proposed system model.

3 Coalitional Cooperative Game Based Formulation
3.1 Concepts and Game-Theoretic Problem Formulation

A classification of the coalitional games can be based on the transferability of the utility of
the game [15]. Therefore, a coalitional game can be either with transferable utility (TU) or
with non-transferable utility (NTU). The coalitional game in which the coalition value can
be apportioned arbitrarily between the coalition members is called a TU game. Similarly,
when the apportioning of the coalition value depends on the joint actions of the members in
the coalition, the resulting game is referred to as an NTU game. As will be proved, since
we define the coalition value as the sum of utilities generated by PUs and SUs in the
coalition, a TU game applies to our considered network. Moreover, as will be shown, the
considered network in this paper fulfills the properties of a canonical coalitional game, e.g.,
grand coalition. Thus, we formulate the cognitive radio network as a canonical coalitional
game with TU. In what follows, we present some coalitional game-related terminologies
firstly, and then we prove that this coalitional game satisfies the desired properties that
ensure a stable grand coalition and a fair payoff allocation.
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748 M. G. Adian

A coalitional game with TU comprises of a set of players who form cooperative groups
and the coalition value which correlates each nonempty subset of players with a number
[15]. First of all, we provide the definition of the coalition value for the considered game.

Definition 1 For the proposed canonical coalitional game with TU, the coalition value
v(8S) of a coalition S is the maximum sum utility of PUs and SUs in Sand depends only on
the actions of the PUs and SUs in S (not those in A py U N sp\S).

Recruiting Definition 1 and using the utility definitions in (10) and (13), the coalition
value v(S) is the solution to the following convex optimization problem:

SEmax Y UL+ Y U}

meSpy keSsy

SUCLEY g+ > ogm =1

JESF meSpy (14)
(C2): Z (s + Brm) =1

keSsy
(C3) 0§ oCk,j S 19 OS ﬁk,m S l

where U? and U} the utility functions for PU m and SU k are given in (10) and (13),
respectively. We require the set of time fractions a = {ock‘,-\k € Ssu,j € SF} and f =
{Bimlk € Ssu,m € Spy} to solve the problem in (14). Note that o is in U, and U; while
B exists in Uz. The first constraint in (14), (C1), makes sure that each SU works in either
relay or access mode but not simultaneously. The second constraint in (14), (C2), guar-
antees that the total fraction of time that an SU in coalition S accesses the spectrum will
not exceed one. Moreover, (C3) is to guarantee a feasible joint action of coalition S [17]. If
the solution to problem in (14) is not feasible, then v(S)2 — oo.

3.2 The Core of the Game

As stated earlier, for a coalitional game with TU, the coalition value can be divided
arbitrarily among the participants in the coalition. A feasible payoff allocation policy for a
canonical coalitional game guarantees that if a subset of players separates from the grand
coalition, at least one PU or SU in the separated subset has a utility worse than that in the
grand coalition. To obtain a feasible payoff allocation policy, we recruit the core solution
concept [15] as defined in the following:

Definition 2 The core of the proposed coalitional game is the set of feasible payoff
allocation vectors y = {yf ey yf,PU,yf yee .,yfVSU] (where yZ and yf represent the payoff

value of PU m and SU k, respectively) for the grand coalition and is called an imputation if
ok + 3 8 = oWy UNpy) and y; > o({i}), Vi € (Nsy UNpy). The core C is

meSpy keSsy o

the set of imputations for which >> yP + >~ y5 >0(S) for all S C Npy UN gy, ie.,

meSpy keSsy
I FTS SESTCHERE
meSpy k€Ssy

(15)
Zym—i-Zym/ VSCNPUuNsu}

meSpy keSsy
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According to Definition 2, if the core exists, it offers a set of stable payoff allocations
because no coalition S € Npy UN gy has the incentives to refuse the proposed payoff
allocation and leave the grand coalition to form a separate coalition instead.

In the following, we prove that the proposed canonical coalitional game with TU has a
nonempty core. At first, we find the dual problem of (14) using the duality theorem [18].
Using the transformation of the primal problem in (14) to the dual problem, the relation of
the solution set between the dual problem and the primal problem can be obtained. In other
words, the optimal solution of the dual problem is the upper bound of the optimal solution
of the primal problem [19]. Meanwhile, the solution set of the dual problem can be shown
to be a subset of the core, as will be proved in Theorem 1. The Lagrangian functions of
PUs and SUs can be expressed as

P P P P
fm.j(éa 12 T) = R; >0, Z%}L%XE 0.¥meSpy (F<Rm) + Cm - G(:um) + 5mRm + pmcm + T’”'um)
(16)
sW.0)=  max (L(RY) — ¢ + ViR + 9uc}) (17)

¢} > 0,RS >0keSsy

where d,,, 0,5 T, ¥y and @, are the Lagrange multipliers. Therefore, the dual problem of
the problem in (14) for S = Spy U Sy is formulated as

D(S) : min ST ni(0,00) + omg) + Y (80, 0) + 1)
%P meSpy keSk kESsy

s.t. p; + lkafJ + 3t + ey + Z Wmj >0,k € Sgy,j € Sr

meSpy

5mR£m + x + Z WOpj = 0,Vk € Ssy,m € Spy
JESF (18)

P Jao Wi 2 0, Vk € Ssuy
pj7 Tj > O,VJ € SF
Wy >0,Ym € Spy,j € S
0, >0,Ym € Spy
where ,,; and y; are also the Lagrange multipliers, derived from the transformation of the

problem in (14) into its dual problem in (18). Let D denote the set of optimal solutions of
the dual problem in (18) for Spy = N py and Ssy = Nsy, and let

0= {y* e = fnj(6",p",7) + ,,;,m€E Nru,j € Sk
Y =& e") +xk € Nsy (19)
for (5*7p*7f*7w*ﬂw*7q)*’x*) 6 D}

correspond to the dual payoff generated by the solution of the dual problem. The dual
payoff is the set of the optimal payoff allocation of PUs and SUs. In the following theorem,
we prove that the core of the proposed coalitional game with TU is nonempty.

Theorem 1 The core of the proposed canonical coalitional game with TU is nonempty
and O CC.
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Proof The set O is nonempty, because the set D is nonempty. We consider an arbitrary
y* € O which corresponds to some (6%, p*, 7%, 0", ¥", ¢*,1*) € D. Therefore,
ZmESpU yf: + Zkesw yf; is the optimal value of the objective function of D(S). The
objective function of (14) is concave, because F(.) and L(.) are concave, and G(.) is
convex. Moreover, the constraints (C1) (C3) are linear. D(S) is the dual of the problem in
(14) for each S C N 'py U N gy. Therefore, based on the strong duality [18], the duality gap
is zero. Hence, Y, ., Vo + Yiesy, Yo = VN pu UNgy). We only need to show that
Y mesny ¥+ > keSsy yS >0(8) for all S C Npy UNgy. Assume that (14) is feasible.
Then, strong duality states that v(S) equals the optimal value of the objective function of
D(S). The sub-vectors (d,p,T,w,¥, @, ) consisting of the components of
(0%, p*, ", w* ", o, *) in S satisfy the constraints of the dual problem in (18). Thus,
Zmespu v+ Zkesw ¥S = v(Npy UNgy) is the value of the objective function of the
problem in (18) for the above feasible solution. It follows that the optimal value of the
objective function of the problem in (18) is a lower bound for >, Sru yf; + D e S yf,: .
Therefore, y* € C. O

Based on Theorem 1, the optimal payoff vector y* lies in the core and can be achieved
by solving the dual problem D(Npy U Ngy). In other words, the solution of the dual
problem D(N py U N'syy) provides the optimal payoff allocation of the PUs, y,’: , and the
optimal payoff allocation of the SUs, yfx, in the core.

4 A Two-Level Cooperative Game-Based Approach for Spectrum
Leasing in MIMO-CCRN

In this section, we study the interactions among the SUs and PUs from a bargaining game-
based point of view. We consider a single-PU multi-SU scenario and formulate the
cooperative interactions between the PU and SUs as the first-level bargain game, while the
interactions among the SUs is modeled as the second-level bargain game. In what follows,
we derive the optimal actions of the PU and SU in a single-PU single-SU scenario, firstly.
Then, a revised numerical searching algorithm is proposed for the single-PU multi-SU case
and the convergence of the proposed scheme is proved.

As depicted in Fig. 2, the PU communicates with the PBS using the licensed band,
while Ngy SUs are hunting for vacant channels to transmit data to their respective sec-
ondary receivers (SRs). We assume that the PU has a minimum rate demand denoted by
RE. . Moreover, it is further assumed that the communications between the PU and the PBS
does not meet the minimum rate requirement of the PU and thereby, the PU will recruit the
existing SUs, equipped with cognitive radio capabilities, for cooperative transmission in
order to meet the minimum rate demand. The SUs are also interested in cooperating with
the PU through relaying the signals transmitted from the PU to the PBS. The SUs are
granted a portion of the transmission frame to transmit their signals from secondary
transmitters (STs) to their intended receivers (SRs), in return, as shown in Fig. 2. After the
SUs assist the PU, they bargain to share the granted bandwidth using the Time Division
Multiple Access (TDMA) strategy. Similar to the previous section, we focus our discus-
sions on Amplify-and-Forward (AF) strategy.

According to Fig. 2, the PU allocates (1 — o) fraction of its transmission frame to SUs.
It is presumed that the PU is able to achieve its required QoS by using only o fraction of its
transmission frame (for a € [0, 1]). This is the origin of the so-called spectrum holes that
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Fig. 2 The modified system model for the spectrum leasing scenario in MIMO-CCRN with a single PU: a
The PU transmits to the secondary transmitters (STs); b STs relay the primary signals to the PBS; ¢ STs

transmit to their respective secondary receivers (STs)
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leads to the spectrum under-utilization. Therefore, at the beginning of each transmission
frame, the PU decides that it can free-up up to an (1 — o) fraction of its transmission frame.
As shown in Fig. 2, the cooperative transmission for the PU consists of two phases. In the
first phase, the PU transmits its signals to the SU. The bandwidth that the PU retains for its
own use is divided into two sub-slots with equal length. In the first sub-slot, the PU
transmits to the SUs, and then the SUs relay the primary data to the PBS in the second sub-
slot. In the following, we study the proposed spectrum leasing scenario.

4.1 Two-level cooperative game-based Problem Formulation

Recall from (8) that the utility function of the PU (the achievable data rate of PU), as a
result of the cooperation of SU k, can be written as

Z Z log P nak, ndk nPk nbk n (20)
keN sy n= 1+Ppakn+dknpknbkn
where ay, = k” and by, = V;z ; Akn and 7y, denotes the n-th eigen-value of the channel

matrices from PU to SU k and from SU k to PBS, respectively; P/ and Pi,n denote the

transmit power of the PU and cooperating SU k on the n-th spatial subchannel, respec-
tively; We further assume that the SU k uses only part of its power in each spatial mode n,
ie., dk,nPi,n (0 <dj <1), to relay primary signal. Using (12), the utility function of the k-th
SU can be expressed as

N Py nekn o
U]f = Z (ek 10g<1 + b ) - icsdk.nPi,;z> (21)

n=1

where ¢ is the fraction of time in the third sub-slot which is allocated to the k-th SU to
transmit to its intended receiver; c; is the price of per unit power for the SUs.

Therefore, the PU should determine the fraction of time which is supposed to be granted
to the SUs, «, and each SU k in the secondary system should find the fraction of its
cooperative transmission power on the n-th spatial subchannel to relay primary signal, d .
Moreover, each SU £, is supposed to determine the fraction of the granted spectrum it can
use for its own transmission, e,. To stimulate the cooperation between the PU and the SUs,
as well as the cooperation among the SUs, we propose to cast such a decision making
process into a two-level bargain framework.

Before formulating the problem as a cooperative game, we introduce the Nash Bar-
gaining Solution (NBS) briefly. A special type of cooperative games are bargaining games,
where players negotiate/bargain their actions/strategies to reach an agreement with guar-
anteed minimum payoffs. The agreement is associated with a utility vector
u = [uy,...,uy|, where y; is the utility of player i and there are N players in the game. Let
d; and D; denote the action and action space for player i, respectively (d; € D;). The utility
u; is a function of the action vector d = [d, .. .,dy]. The utility space U is the set of all
possible payoff allocations u that result from all possible action vectors d. It is also
possible that no agreement is reached after bargaining, a situation referred to as a dis-
agreement point. A disagreement point is associated with a utility vector ug, which consists
of minimum payoffs that players insist on having.

Given the variety of outcomes, Nash [20] suggested to, instead of study all possible
outcomes, specify characteristics or axioms of one or several outcomes that we expect and
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find how to drive the bargaining process to that agreement point. Nash proposed following
axioms that describe a Nash Bargaining Solution (NBS) [20], denoted by S(u, ug):

— A NBS is Pareto optimal, i.e. there is no other solution that two or more players can
simultaneously be better off.

— At the NBS, all players are guaranteed their minimum payoffs that they insist on at the
beginning of the bargaining process.

— A NBS is symmetric, meaning that all players have the same priority. Specifically, if all
users have identical action space D;, then they have the same utility/payoff at the NBS.

— If the action spaces of players shrink, leading to a shrunken utility space U, the old
NBS S(u, ug) remains optimal provided that S(u, up) remains feasible in the new utility
space U. This property ensures that eliminating solutions that would not have been
selected does not affect the NBS.

Given the above properties, the problem is whether a unique NBS exists, and how to find
such a unique NBS. Nash proved the following theorem that answers these three key
questions [20]:

Theorem 2  If the utility space U is upper-bounded, closed and convex, then there exists a
unique NBS which is the solution of the following problem:

N

u = arg gl?ealj(} ,11 (ui — uo i) (22)

In the first level of the resource allocation game and with the target of maximizing the
social welfare of the secondary system, we model all SUs in the secondary system all

together which bargain with the PU, i.e., US = Y Uj. Therefore, the game between the
kENSU
PU and the SUs, also known as the first level bargain game, can be formulated as

g1 (UP , Us; ug, u?), where ug and u? are the disagreement point of the PU and the SUs,

respectively. The disagreement point of PU should be set as Rﬁlin. Besides, the goal of the
SUs is to get the opportunity to access the spectrum. Then, the SUs wish to cooperate if
their gain from rate increasing by spectrum leasing is not less than the cost from power
consumption. Therefore, the disagreement point of the secondary system has to be set to

ug,) = 0. At last, the first level Nash bargaining based game can be formulated as

. P_ P s S
Gi Tj‘fx(U ug) (U° = up) (23)
s.t.UPZM(I;, Uszug

The benefits of the cooperation with the PU should be allocated among the SUs in a fair
fashion. Thus, another Nash bargaining game, known as the second level game, should be
played among the SUs, which is defined as G, (U,f; ug_k|k IS NSU), with , ugk = 0 for all

k € Ny, being the disagreement point of the SUs. Similarly, the solution of G, can be
achieved through solving the following problem

G :max [[ (UF - )

keN sy

s.t. Z er=1—uo

keN sy
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4.2 Solution of the Two-Level Game

In this section, we explore the interactions between the PU and the SUs and among the
SUs. First of all, the case of single-PU single-SU is considered and the optimal actions of
the PU and the SU are derived. Afterwards, the multi-user scenario is considered and a
numerical searching algorithm is proposed and its convergence is proved.

4.2.1 Single-PU Single-SU Case

In the following, we prove that the NBS for the single-PU single-SU bargaining game is
unique.

Theorem 3  There exists a unique NBS for the single-PU single-SU bargaining game, and
the solution is given by

AC+B(C+D /C+D C
OC*Zwﬂj*:argmin % if o <oy <oy and X(d*) < 3

2A(C + D)
o =1,d"=0 otherwise
(25)
where:
1Y P’a,d,Psb,
A=3 ; log (1 r Ifﬁan + ZI,LP;b) (26)
B=ul (27)

N ps .,
CzZlog(l +7§’) (28)
n=1

1 N
D=2 cd,PS 2
2 & CSd n ( 9)

Proof For the single-PU single-SU scenario, the utility functions (20) and (21) can be
written as

N )
o Pba,d,Pyb
U => Slog(1 e 30

;2 °g< +1+P§;an+d,,P;bn> (30)

al P30
Ug :Z ((1 — OC) 10g<1 + ;211

n=1

) - %csani> (31)

Therefore, the following problem should be solved:
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N
o PPa,d,P:b,
: “ 1 nGnlnl”, On P
G ‘J,‘if(zn_lz Og( +1+P{:an+d,lPsn'bn) u°>

N S
n=1

N (32)
o Pla,d,PSh
£y —log(1 n T n 7 >uf
s ;2 °g< 1 +Pzan+an;bn) =Ho
N
Ps0, o <
; ((1 foc)log(l += ) —Ecsd,,Pn> >0
O

At first, we consider the fraction of SU power for cooperating with the PU in the n-th
spatial mode, d,, forn = 1,..., N, as a constant and attempt to find .. Then, we can rewrite
(32) using (26)—(29), according to the following:

G : max(vA — B)((l —9)C— %D)

oy

s.t. ¥A>B (33)
o
1- > =D
(1-wc>?

By setting the first derivative of (33) to zero, we can solve (33) and summarize the results
according to the following:
1, if oy <op
oy, if oy <o
of = o (d) = L
@ oy, if o <oy <oy
OlH if oy <oy

(34)

_ _ B __ AC+B(C+D) _C
where d = [dl, . .,dN], oy = A oy = w, and oy = D

(34) into (33) we can find the optimal value of d = [d, .. .,dy], d*, under different con-
ditions. If oy <oy, oy <oy and oy <oy, then o = 1 and d* = 0, meaning that the PU will
not lease its spectrum to the SU. As a result, no cooperation will take place between the PU

Afterwards, by replacing

and the SU. However, if oy <oy <oy, by replacing o = oy = %ﬁ)m into (33), and
C+D

assuming that X* = <2, we have

1/C :
(35)

For X ¢ (07 \/%},f(X) =1(- BX)2 is a decreasing function of X. In this case, (35) is

equivalent to the following:

max X(d)

36
s.t. 0<X(d)<\/g o
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Ultimately, the optimum value of d, d*, can be achieved by
. C+D . . C
d — argmln\/T if X(d )<\/% (37)
0 otherwise

Finally, the NBS for the single-PU single-SU scenario can be summarized as

AC+B(C+D C+D C
a*:ﬁ,d*:argmin\/% ifochocMgocHandX(d*)<\/;

o =1,d"=0 otherwise
(38)

4.2.2 Single-PU Multi-SU Case

After finding the optimal solution of the single-PU single-SU case, we consider the single-
PU multi-SU case. In order to derive the optimal solution for such a scenario, we first
calculate the solution of G, i.e., ¢, by assuming that « and d;, for all k € Ngy, are known.

Theorem 4 If o« and dy, for all k € Ngy, are given, the optimal solution of G, is

1 csd;P; o csdka

e p— 1— —

%~ Ne {( %)~ 2IEZNS R’ } IR (39)
U

N T
where R} = Ellog(l Pll), di = [dir,. o] and P =[PSR]
=

Proof The Lagrangian function of the problem in (24) can be written as
o
L= TT (eki- Eqd,Pf) - A( Y a1+ a> (40)
keEN sy keN sy

where / is the Lagrange multiplier. We set to zero the first order derivative of (40) with
respect to ¢;, for all j € Nsy, we have

oL s_ % s\ ps
5 I1 ‘(ekRk —EcsdiPi)Rj — =0 (a1
ENsy ki
By some simple manipulation, (41) can be rewritten as
s _* s A s s
H (ekRk - EcsdiPi> RS (eJR csdej) (42)
kENSU

for all j € Nsy. Then, it can be concluded that

o
e — —csdiP,-S =e —

S
2R csdiP; (43)

ZRS

for all k,j € Ngy. Finally, the optimal value of ¢, e}, can be expressed as
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1 o c,d;PS o cd,PS
- 1— _Z sl *bs k
SU

O

Now, the optimal solution of G, i.e. «* and dj, should be found. Using (44), the total
utility of the SUs can be expressed as

1 —o o c,d;PS
US }: Us 2: sAiE; }: S
K (Nsu 2Ny . Rf > Re (45)

keN sy ieNsy keN sy

By replacing (45) into (23), the following complex non-linear optimization problem is
obtained:

N n 3 S
o PPa,d,P’b, 1 —o o c,d;P;
max —log| 1+ n W n 7 —uf — kel RS
e (22 g( 1+ Pzan + an;bn) 0) ((NSU ZNSU iG;su R;g kEZNsU ¢
N
o PPa,d,P’b
t el n=n®nt p¥n > P
st. ) _;log (1 T Pl + d,,P;bn> =%

1l -« o c,d;PS
- AL Ri>0
<NSU 2N5UAZ RS ) Z k=

ieN sy i keNsy

(46)

It is possible to obtain a closed-form solution for the problem in (46). Therefore, we
propose a numerical searching algorithm which recruits the sequential unconstrained
minimization technique (SUMT).

Letz = [o,dy, ..., dNSU]T. Then (46) can be reformulated in the form of the following:

min v(z)

(47)
s.t. Wk(Z) 20, k= 1,27 . -73NSU +4

Let Z; = {z|w(z) > 0,k =1,...,3Ngy + 4}. Then, it would be possible to solve (47)
through sequentially solving a series of unconstrained optimization problems in the form of

min ¢(z, 1) (48)

€2,

where ¢(z, 1) = v(z) + ¢(2, 1), and @(z,1) = —1; 51 ' In(w (z)) is the barrier item,

k is a positive integer and {#} is a positive descending series with klim tr = 0. The steps to
—00

find the solution of (47), i.e., z, is presented in Table 1 (Algorithm 1).

In order to run Algorithm 1, we need a strictly interior point to start the iteration. In
Algorithm 2, we propose a scheme to obtain a strictly interior point. Therefore, in order to
solve (47), the first step is to call Algorithm 2. Then, using the initial point found in
Algorithm 2, Algorithm 1 is recruited to solve the reformulated optimization problem in
(48). It is noteworthy that in each round of iteration in Algorithm 1 and Algorithm 2, a
modified Broyden-Fletcher-Goldfarb-Shanno (MBFGS) method [21] is used to solve the
associated unconstrained optimization problems. The point that Algorithm 1 is converged
to is announced as the optimal solution of (47). In Theorem 5, the convergence of the
proposed algorithm is proved formally (Table 2).
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Table 1 Algorithm 1 (Interior Point Method to solve (48))

Initializations:
1) Set an initial point z® € Z, (a strictly interior point)
2) Set an initial barrier factor ¢;.
3) Set an initial contraction coefficient 6 € (0, 1).
Stopping Condition:
1) Specity e.
3Nsy+4
2) Compute E = |q:(z(’”),tm)‘ =tw > In(we(z™))|.
k=1
4) If E <¢ then STOP
Else CONTINUE
Iterations:
Iteration Count: m = 1.
While Stopping Condition is not satisfied do
1) Using 2™~ as starting point, solve the unconstrained optimization problem in (48) and save the
solution as z(™.
2) Set tyyy1 = Oty-
3Yym=m+ 1.
End While

Table 2 Algorithm 2 (Searching for A Strictly Interior Initial Point for Algorithm 1)

Initializations:
1) Set an initial barrier factor ¢,.
2) Set an initial contraction coefficient € (0, 1).
3) Set a maximum iteration number M.
4) Set z® =1[0.5,...,0.5]".
Iterations:
Tteration Count: m = 1.
1) Construct sets P,, and Q,, as
P = {kwi (2" D) <0,1 <k<3Ngy +4}
Q= {k|wi (2" V) > 0,1 <k<3Nsy +4}
2)If P, =0 do

20" is returned as a strictly interior point and the algorithm ends.
Else Continue to the algorithm.

3) Construct the barrier function ¢(z,2,) = — > wi(z) +# >, In(wi(z)) Denote
kEPy k€Qp

R = {z|wi(z) > 0,k € W, }. Use """ as the starting point and solve the unconstrained

optimization problem rniRn ¢(z, ) And solve the solution as z").
2€Ry,

4)Setm=m+ 1.
5) If m > mp,x do
The algorithm terminates and no feasible point is announced.

Else #,,.1 = dt, and go to Step (1).
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Theorem S Algorithm 1 is convergent to at least a local optima of the proposed two-level
game.

Proof Based on Algorithm 1, we know that all the iterations of MBFGS are limited
within the open ball with center x = [0.5,...,0.5]" and radius R = 0.5, i.e.,

B(y) = {y € R™"||ly — x|| <R} (48) (49)

We refer to the functions in the iterative step of Algorithm 1 and step 3 of Algorithm 2 as
the target functions. It is easy to verify that the target functions are continuously differ-
entiable within the open ball. Since both the starting point and the domain of the target
function are within this ball, the target function is continuously differentiable within the
domain. According to [22], the target function is Lipschitz continuous. Then, according to
[21], the MBFGS is globally convergent. According to [23], as long as the method for
solving the unconstrained optimization problem, i.e., MBFGS, is globally convergent,
Algorithm 1 is guaranteed to converge at least to a local optimum of the original bar-
gaining game. O

Similarly, we can also prove that Algorithm 2 will converge to a feasible solution if the
feasible region is not empty.

5 Performance Evaluation

In this section, we evaluate the performance of the proposed algorithms are using simu-
lations. We do a static system level simulation as a single cell. The simulation assumptions
are as follows:

— The area covers 2 km x 2 km and the users are uniformly distributed in the area.

— All users are assumed to be equipped with the same number of antennas, denoted by N.
— The minimum rate requirement of the PU is set to 2 bps / Hz.

— The noise power, a2, is set to 10’6W/Hz.

The performance evaluation tools are the leasing parameters (such as o and dy,’s, for all
k € Sgy and all spatial modes), the outage probability of the primary link and the total rate
of all SUs. The performance evaluation is realized through comparing the evaluation tools
when the proposed two-level game based approach (TL) is recruited, when the primary
transmitter directly communicates primary receiver (direct) and when the non-cooperative
approach (NCA) proposed in [24] is recruited. In NCA, a portion of the primary spectrum
is leased in return for the cooperation of SUs, and the leased spectrum is non-cooperatively
shared among the SUs.

The superiority of the proposed scheme over NCA approach is shown in Fig. 3, where
the leasing parameters, i.e., the portion of primary spectrum retained for the PU com-
munications (o) and the average portion of power assigned by the SUs to relay primary

N
signals, D = m Zke ne Zl di . To provide more clarifications, the leasing parameters, o
P

and D, indicate the eagerness of the users for cooperating. More specifically, it can be
deduced from the smaller « and the larger D that the PU and SUs are highly motivated for
taking part in the proposed cooperative two-level game. According to Fig. 3, when
Nsy = 1, the leasing parameters of the NCA are « = 1 and D = 0, meaning that the PU and
the SU are not cooperating. However, the proposed two-level game based approach results
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Fig. 3 The leasing parameters 16
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in o = 0.95 and D = 0.378, which shows that the PU and the SU cooperate successfully.
The superiority of the proposed approach (TL) over the spectrum leasing approach in [24]
(NCA) can be attributed to more power that the SUs own for bargaining with the PU and
further, sharing the profits of cooperation in a cooperative manner among themselves.
When Ngy > 1, although the cooperation between the PU and the SUs takes place as a
result of NCA, but the enthusiasm of the PU for cooperating with SUs does not change
significantly, because of the selfish nature of the game in [24], while the SUs eagerness for
cooperating diminishes as the number of the SUs grows. Opposed to NCA, the proposed
two-level game approach leads in augmenting the motivations of the PU and the SUs to
cooperate with each other, as the number of SUs increases. Another significant observation
is that as a result of the proposed scheme, the cooperative spectrum leasing is guaranteed to
happen between PU and the SUs.

The outage probability of the primary user is another important tool for evaluating the
performance of the proposed scheme. As shown in Fig. 4, the worst outage probability is
achieved when the PU decides not to cooperate with the SUs. The cooperation of the SUs
with the PU in the leasing scenario presented in [24] (NCA) reduces the outage probability.
However, in comparison with NCA, our proposed spectrum leasing scheme causes a more
significant reduction in the outage probability of the PU. The proposed two-level game
based approach (TL) motivates the SUs to allocate a higher portion of their transmission
power for relaying the primary signal and consequently, the outage probability perfor-
mance of the proposed scheme is better than others.

The total rate of SUs in terms of the number of SUs for different number of the antennas
and different schemes is presented in Fig. 5. Similar to previous discussions, it can be
inferred from Fig. 5 that for the single-SU case, NCA does not motivates the SU enough to
participate in PU transmissions and get access to the leased resources, in return. However,
the proposed two-level game based approach (TL) persuades the SU to relay the primary
signals and benefit from the leased resources to increase its data rate. As the number of
existing SUs in the system increases, the total rate of the system implemented based on
NCA does not escalate significantly, because of the competition among the SUs for sharing
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Fig. 4 The outage probability of 10°
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the leased spectrum. Meanwhile, the proposed two-level game based scheme which takes
advantage of the cooperative games, provides a much better sharing of the leased spectrum
among the SUs and thereby higher sum rate for the SUs. As another point, Fig. 5 suggests
that deploying more antennas in all users, results in higher data rates expectedly.

In order to determine whether SUs are receiving a fair share of system resource, Jain’s
fairness measure as a widely used fairness measure is used. Fig. 6 depicts the Jains fairness
indices of the different algorithms. Evidently and expectedly, the proposed two-level
cooperative game based scheme achieves significantly better fairness than NCA. As the
number of SUs increases, fairness indices under NCA decreases. However, the proposed
approach maintain quite stable fairness for different network sizes.
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Fig. 6 Fairness index for 1 1 1 1 1 :
different approaches : : ‘ : :
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6 Conclusions

In this work, we studied the resource allocation problem in a spectrum leasing scenario in
MIMO-CCRN with multi channels using a coalitional game based approach. After proving
that all PUs and SUs should be grouped in a set and as a result of such grouping, the grand
coalition is formed, we analyzed the stability of the proposed coalitional game based
approach using the core concept. Afterwards, we explored a practical scenario where the
data rate of the primary system, falls below a minimum data rate requirement, and alter-
natively, the PU resorts to the leasing of its unused spectrum to SUs. However, it is
guaranteed that the SUs perform as cooperatively as to meet the rate requirement of the
primary system. Moreover, the benefits of cooperating with the primary system may not be
exploited by the secondary system efficiently, if the SUs compete over the resources. We
propose a two-level game based on the bargaining games to tackle the aforementioned
problems. The simulation results confirm the theoretical achievements.

References

1. FCC (2010) Spectrum policy task force report. ET Docket No. 02-380 and No. 04-186, Sep. 2010.

2. Hakim, K., Jayaweera, S. K., El-howayek, G., & Mosquera, C. (2010). Efficient dynamic spectrum
sharing in cognitive radio networks: Centralized dynamic spectrum leasing (C-DSL). IEEE Transac-
tions on Wireless Communications, 9(9), 2956-2967.

3. Jayaweera, S. K., & Li, Tianming. (2009). Dynamic spectrum leasing in cognitive radio networks via
primary—secondary user power control games. IEEE Transactions on Wireless Communications, 8(6),
3300-3310.

4. Stanojev, L., Simeone, O., Bar-Ness, Y., & Yu, T. (2008). Spectrum leasing to cooperating secondary
Ad Hoc networks. IEEE Journal on Selected Areas in Communications, 26(1), 203-213.

5. Adian, M. G., Aghaeinia, H., & Norouzi, Y. (2013). Spectrum sharing and power allocation in multi-
input-multi-output multi-band underlay cognitive radio networks. IET Communications, 7(11),
1140-1150.

@ Springer



A Coalitional and Two-Level Game Based Approach for... 763

10.

11.

12.

13.

14.

15.
16.
. Li, D., Xu, Y., Wang, X., & Guizani, M. (2009). Coalitional game theoretic approach for secondary
18.
19.

20.
21.

22.

23.

24.

. Adian, M. G., & Aghaeinia, H. (2012). Spectrum sharing and power allocation in multiple-in multiple-

out cognitive radio networks via pricing. IET Communications, 6(16), 2621-2629.

. Adian, M. G., & Aghaeinia, H. (2014). Resource allocation in MIMO-OFDM based cooperative cog-

nitive radio networks. IEEE Transactions on Communications,. doi:10.1109/TCOMM.2014.2327063.

. Adian, M. G., & Aghaeinia, H. (2014). Low complexity resource allocation in MIMO-OFDM-based

cooperative cognitive radio networks. Transactions on Emerging Telecommunications Technology,.
doi:10.1002/ett.2799.

. Adian, M. G., & Aghaeinia, H. (2014). Optimal resource allocation in heterogeneous MIMO cognitive

radio networks. Wireless Personal Communication, 76(1), 23-39.

Adian, M. G., & Aghaeinia, H. (2014). A two-level cooperative game-based approach for joint relay
selection and distributed resource allocation in MIMO-OFDM-based cooperative cognitive radio net-
works. Transactions on Emerging Telecommunications Technology,. doi:10.1002/ett.2784.

Xu, H., & Li, B., (2010) Efficient resource allocation with flexible channel cooperation in OFDMA
cognitive radio networks. In Proceedings IEEE INFOCOM 2010.

Simeone, O., Stanojev, 1., Savazzi, S., Bar-Ness, Y., Spagnolini, U., & Pickholtz, R. (2008). Spectrum
leasing to cooperating secondary ad hoc networks. IEEE Journal on Selected Areas in Communications,
26(1), 203-213.

Zhang, J., & Zhang, Q., (2009) Stackelberg game for utility-based cooperative cognitive radio networks.
In Proceedings ACM MobiHoc 2009.

Adian, M. G., & Aghaeinia, H. (2014). ‘An auction-based approach for spectrum leasing in cooperative
cognitive radio networks: When to lease and how much to be leased. Wireless Networks, 20(3),
411-422.

Saad, W., Han, Z., Debbah, M., Hjorungnes, A., & Basar, T. (2009). Coalitional game theory for
communication networks: A tutorial. /[EEE Signal Processing Magazine, 26, 77-97.

Horn, R. A., & Johnson, C. R. (1985). Matrix analyis. Cambridge: Cambridge University Press.

spectrum access in cooperative cognitive radio networks. IEEE Transactions on Wireless Communi-
cations, 10(3), 844-856.

Boyd, S., & Vandenberghe, L. (2004). Convex optimization. Cambridge: Cambridge University Press.
Sarkar, S., Singh, C., & Kumar, A. (2008) A coalitional game model for spectrum pooling in wireless
data access networks. In Proceedings of 3rd information theory and applications workshop.

Nash, J. (1950). The bargaining problem. Econometrica, 18, 155-162.

Li, D. H., & Fukushima, M. (2001). A modified BFGS method and its global convergence in nonconvex
minimization. Journal of Computational and Applied Mathematics (Elsevier), 29, 15-35.

Hale, J. K., & Kocak, H. (1991). Dynamics and bifurcations texts in applied mathematics (Vol. 3).
Berlin: Springer.

Forsgren, A., Gill, P. E., & Wright, M. H. (2002). Interior methods for nonlinear optimization. SIAM
Review, 44(4), 525-597.

Wang, H., Gao, L., Gan, X., Wang, X., & Hossain, E. (2010) Cooperative spectrum sharing in cognitive
radio networks: A game-theoretic approach. In Proceedings ICC.

Mehdi Ghamari Adian received his B.Sc. degree from Amirkabir
University of Technology (Tehran Polytechnic) Tehran, Iran in 2004,
his M.Sc. degree from Sharif University of Technology, Tehran, Iran
in 2006 and his Ph.D. degree from Amirkabir University of Technol-
ogy (Tehran Polytechnic) Tehran, Iran in 2014, both in Electrical
Engineering (Communication Systems). He is currently an assistant
professor in the Electrical Engineering department in University of
Zanjan, Zanjan, Iran. His current research focus is in the areas of
cognitive radio networks, cooperative communications and the appli-
cations of game theory and benefits of incorporating the MIMO sys-
tems in the cooperative cognitive radio networks.

@ Springer


http://dx.doi.org/10.1109/TCOMM.2014.2327063
http://dx.doi.org/10.1002/ett.2799
http://dx.doi.org/10.1002/ett.2784

	A Coalitional and Two-Level Game Based Approach for Spectrum Leasing in MIMO Cooperative Cognitive Radio Networks
	Abstract
	Introduction
	System Model and Basic Assumptions
	System Setup
	Utility Function

	Coalitional Cooperative Game Based Formulation
	Concepts and Game-Theoretic Problem Formulation
	The Core of the Game

	A Two-Level Cooperative Game-Based Approach for Spectrum Leasing in MIMO-CCRN
	Two-level cooperative game-based Problem Formulation
	Solution of the Two-Level Game
	Single-PU Single-SU Case
	Single-PU Multi-SU Case


	Performance Evaluation
	Conclusions
	References




