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Abstract— The high cost associated with the rollout of 3G éf Node B
services encourages operators to share network infrastructe. Gateway S
Network sharing poses a new challenge in devising fair, efficient RNC I “Core [ ] Network
and Pareto optimal resource allocation strategies to distribute éﬁ Node B
system resources among users of different operators in the ! '

sharing
(MVNO)

network. Cooperative game theory provides a framework for T
formulating such strategies. In this paper, we propose two I -
models (i.e. symmetric and asymmetric) for cooperative resoue RAN sharing Jwithigateway
bargaining in shared networks based on the concept of prefererc s
functions. The symmetric model assumes that all players have
equal bargaining powers while in the asymmetric case, players
are allowed to submit bids to the network operator to influence Fig. 1. Models of network sharing.
the final bargaining outcome. The bargaining solutions proposed
vary according to a parameter 8 that considers the tradeoff
between one’s gain and the losses of others. The well-known Nash ; ;
and Raiffa-KaIagi-Smorodinsky solutions are special instances of Network sharing among Competlng_ _operators_ope_r!s up a
the solutions proposed. yvhole new range of research opportunities, espeqall_ywmsde
ing Radio Resource Management (RRM) strategies in a shared
|. INTRODUCTION network. The notion of axiomatic bargaining in cooperative
) ) game theory provides a good analytical framework to derive
Network infrastructure sharing has become a popular strat-gesjrable operative point that is fair and Pareto optimal.
egy among operators in the rollout of 3G services, espgCiapareto optimality is a condition in which it is impossible
in the wake of substantial investments in licensing and sloy make any one party better off without making any other
3G user growth. Operators are attracted to share netwqiK,se off. Cooperative game theory has been applied in a
resources because (_)fthe lower capital expenditu_re (C_AI?rEX)number of resource allocation problems. In [3], a game-
infrastructure establishment and reduced operation @&ig@ heoretic framework based on Nash bargaining solution for
(OPEX) in the long run. For example, a greenfield operat@y,qwidth allocation for elastic traffic in broadband neteo
can save considerable costs by sharing its infrastructitfe Ws considered. Similarly in [4], the authors demonstratat th
an incumbent operator. The acceleration of roll-out of 3@ noncooperative game leads to a solution that is not Pareto
services, enabled by substantial cost savings, facsitai® ,,imal and in some cases “unfair’. In order to achieve an
earlier user acceptance of WCDMA and its related servicqﬁ)timm operating point, some arbitration, e.g. by the roekw
Besides, operators can increase coverage by sharing Grg‘a\ﬂperator, is required.
complementary, geographically separated sites, espeaml | this paper, we derive a new set of fair, efficient and
low-density suburban and rural areas where it is more coplareto optimal bargaining solutions for the resource atioa
effective to share. problem in a shared WCDMA network based on the concept
Referring to Fig. 1, there are several sharing models avail preference functions developed by Cao for a two-user
able [1], [2]: site sharing; radio access network (RAN) shaproplem in [5]. Some very well-known bargaining solutions
ing; RAN sharing with gateway core; and, complete sharing;e Nash [6], Raiffa-Kalai-Smorodinsky (Raiffa, heresf{g],
Complete sharing can be further categorised into: [8], utilitarian and modified Thomson [5]. Preference fliocs
o Mobile Virtual Network Operators (MVNOs} Oper- quantify the tradeoff between one’s gain and the losses of
ators share a full-scale 3G infrastructure (RAN, Corethers using a weighting factgf and enable us to find a
network and backbone). This approach is primarily usednge of solutions on the Pareto optimal boundary with Nash,
by MVNOs who do not have a 3G licence and havRaiffa and modified Thomson as special instances.
little infrastructure of its own except for their own home Our resource bargaining approach is different from conven-
location register (HLR) and billing systems. At least ondonal allocation schemes such as [9] and [10], which focus
operator has a 3G licence. on maximising some throughput or social welfare objectives
« Geographical network sharing Operators have comple-and ignore how much each user gains or loses compared to
mentary 3G infrastructure in different areas of a countiiys requirements. Moreover, the concept of users’ utility o
and share them via national roaming to extend coverageeferences used in [10] is abstract and only known in some



gualitative sense and such an approach cannot be used wnit of resource. In a WCDMA network, resources can be

provide concrete numerical answers [3]. Instead, we focus expressed in terms of the uplink and downlink load factors

the notion of fairness and resources are allocated acegptdin of the users. The load factors are commonly used to make a

the minimum and maximum requirements of the users.  semi-analytical prediction of the capacity of a WCDMA cell,
In WCDMA, the resource usage requirements of the userswithout performing system-level simulations [13].

players can be measured in terms o.f their uplink apd dowr;li% Uplink Load Factor

load factors. Based on these requirements, we first derive g . . .

class of parameterised resource bargaining solutionsanigts Consider a single WCDMA cell. In order for a signal to

according tog. Next, we explore the case where players a ¢ received, the ra_mo of 't$ received power fo the sum of
allowed to submit bids to the network operator in order t e background noise and interference must be greater than

influence the bargaining outcome. This is achieved by rrsegatxi_a given target. The target quality is translated to the ¥ty

the axiom of symmetry used in [5]. The class of asymme'[rﬁequality that must be satisfied for each user {1,..., N}

bargaining solutions will then vary with the bargaining Eos 4], [15]
of the players, in addition to their minimum and maximum w gipi S (ﬂ) )
resource usage requirements. Our focus is on networks that Vi Zj.\;i gip; +o  \No i

are completely-shared, where the operators and MVNOs sh
the core network, gateway core, RAN and sites, as in the ¢
of MVNO and geographical network sharing.

iferen is the WCDMA chip ratey; is the activity factory;
#%he allocated transmission ratg,is the path gain between

the base station and usér p; is transmission powery is

There a:le "etfy fe\;v ?X's.tm% DUbI'Shted vyorks rt]hat ei(izlort%e background thermal noisg, = ij\;i g;p; is interference
resource afiocation strategies for operators in a snarsn received by the base station from all the other users within
environment. A simple admission control strategy with non-

preemptive priority queueing has been proposed in [11]clvhi e Same cell an Nt , |s the target bit-energy-to-noise-
sets the call admission priority of an operator accordirg tifénsity required to meet predefined bit error rate (BER). In
ratio of its pre-agreed guaranteed load and its current. lod® case multiple cells, the interference from other cedis c
In [12], the authors discuss a framework to manage rads @ken Into account by using a coefficiefit i.e. I; =
resources using Service Level Agreements (SLA) amonglh+ /)2 j; g;p;. Interference coefficienyf typically has
network operator and its MVNOs. The downside of thi¥alues between.1 and0.6 [13]. _

proposal is that this SLA needs to be repeatedly renegdtiate ASSUMING perfect power control and solving the set of

when the users traffic characteristics evolve. equations in 1), we obtain the following:
In section Il, we present our system model and derive the P UL(Z p;+0) = onVt )
uplink and downlink load factors. Then, we introduce our 9 i\ 2 9iPi ST
J J= J

model of resource bargaining and derive the solutions ir Sec _
tions 11l and IV respectively. Result analysis and conausi Where the load facton;’" and total interferencé are respec-

are presented in Sections V and VI. tively given by
1
Il. SYSTEM MODEL 't = i — ©)
We consider a shared network with one operator and (%)”‘”

MVNOs, denoted bym € {1,...,M}. Apart from serving UZN nVL
. . Jj=17
its users, the operator sells unused resources to its MVNOs. I = Zgjpj =N L 4)
These MVNOSs do not own any resources and only have the J 1- ijl j

ability to purchase them from the network operator and théthe number of users that can be supported by the network is
resell them to their users. It is reasonable to assume theg thlimited by maximum uplink system load factor allowed by the
is a pre-existing SLA between the operator and each MVNg&twork, i.e.

to guarantee it at leagt™" units of resources. We denote the N

m . UL < UL <1 (5)
number of users associated with the operator or any of the E /S| .
mth MVNO as Ny and N,,, respectively. i=1

Assume that the services provided by the operator areeladiihen the total load factor approaches unity, the system
and defined by a range of transmission rates bounded by mii§iaches its pole capacity and the total interference iseeto
mum and maximun™i® and R™#*, For example, the UMTS infinity in (4). If this constraint is violated, the targ tﬁ—g?
Adaptive Multi-Rates (AMR) codec offers transmission gatefor all users will not be satisfied. We say that the uplfink is
that vary between 4.75 and 12.2 kbps for conversationgterference-limited. Users cannot increase their powtraut
voice service [13]. The transmission rate can be dynamyicahound because of the increased interference they caused to

adjusted every 20 ms. We assume that users can select thgier users. The corresponding transmission rate allddate
acceptable QoS level by setting their range of transmission W

rates. In order to allocateesourcesin a fair, efficient and T = 1 ) (6)
Pareto optimal way, we first need to derive the meaning of ( ),Vi(mﬁ -1)

?

Ey

No



which increases according to the load factor allocated. closed and bounded sets Bf. The players compete for the

i use of resources and each player {1,...,N} has a
B. Downlink Load Factor - . S
_ _ _ N « utility function u; = n;, which is represented by the
In the downlink, the target signal quality of uséers [15] allocated load factor. Any pointi € S represents an
w gipi o (Eb> @ outcome or solution of the game. N
Vi 0390 3,05 + 0 = \No . « desired initial performance;™", which is the minimal

performance required by the user without any cooperation
where I, = 6,9, Z#ipj and 0, is the orthogonality factor in order to enter the game. It is also known as the
of the codes used in the downlink. Although WCDMA em-  disagreement poinbr threat point Players will not enter
ploys orthogonal codes, users will receive part of the base the game if it is not achievable.

station signal due to multipath propagation. In the uplink, The bargaining problem and outcome can be defined as
transmission is asynchronous and therefore the signalscare (S,u™in) and F(S,u™”) ¢ S respectively. Approaches to
orthogonal. Typically, the orthogonality is between 0.4 anpargaining fall into two divisions:strategic and axiomatic

0.9 in multipath channels [13]. The total transmission POW@argaining. Strategic bargaining, such as the Rubinstein’
in the downlink is limited b}\/[the maximum power that the baSﬁ]ode| of bargaining [16]' assumes that there is a bargaining
station can transmit, i.€ ., p; < p™**. Assuming perfect process where the solution is achieved in a series of offers

power control, the transmission power to tiie user is and counteroffers. The bargaining solution emerges as the
N o equilibrium of a sequential game. The need for a bargaining
2=1Pi t g the pl is time- [ d theref
pi = —l= o (8) process among the players is time-consuming and therefore
1+ 7e(ﬂ) B unsuitable for WCDMA network with many users.
K2 NO i k2%

. _ . Axiomatic bargaining ignores the bargaining process and
Using (8) and (7), the downlink load factor can be derived agsumes some desirable properties about the outcome of
follows the bargaining process and then identifies process rules or

DL 14 W axioms that guarantee this outcome. The operator serves as
i = 1+—W (9) the arbitrator in the cooperative resource bargaining game
ei(l’i—g) R2ET Nash specifies four axioms, which impose properties that a

g . . rgainin lution shoul isfy:
Unlike in the uplink, the downlink load factor depends on th(ga gaining s'o utio S ould satisfy , ,
Al Invariance with respect to affine transformatidh u*

orthogonality factor and path gain between the user and the * h \uti G ymin du i o i
base station. Similar to the uplink, the total downlink load Is the so utl_on (S, u _) andy 1s any POS”_'Ve aftine
transformation, the solution tQ(S), y(u™™")) is y(u*).

factors must satisfy o . .
A2 Symmetrylf the bargaining problem is symmetric, in
N the sense that (e.gv = 2) ™™ =« and (uy,us) €
ZnPL < L (10) S & (u2,u1) e S, then F11(87umi3) = Fg((S,umi)n).
=1 This means that two players with symmetric utilities get
the same payoff.
A3 Pareto Optimality The bargaining solution will be on
the Pareto boundary. (S, u™i") is a bargaining problem

. bL .
Using ;" = {7"“-— to express (8) in terms of the

downlink load factﬁﬂvé have the following:

ZN:J}DL 7 o andu,u’ € S anduj > u;, j = 1,...,N, then the
pi = ﬁ?%ﬁ + '9_). (11) outcomeF (S, u™") £ u.
1= 5= i A4 Independence of Irrelevant Alternativd$é (S, u™in)
Given 1P, the transmission rate allocated to thk user is and(S', u™™) are bargaining problems with € 5’ and
then expressed as F(S' umin) € S, then F(S,u™?) = F(S', u™n).
- Axiom A4 received a number of criticisms. In particular,
W [7], [8] argued that one’s gain should be proportional to its

T = (12) maximum gain but the Nash solution fails to satisfy this

requirement. They retained A1-A3 and proposed a new axiom:

which increases as the allocated downlink load fagfdr and A5 Monotonicity If S € &' (N = 2), u1(S') = ui(S)
path gaing; increase. anduz(S’) > uz(8), Fo(S',u™?) > F5(S,u™").
Cao in [5] explained that the Nash and Raiffa solutions
represent different solution points on the Pareto boundary
In the bargaining framework, the players or bargainers in olihere is no special reasons why they should be chosen and one
problem are the MVNOs and users of the operators. Therefoneight to choose another point on the boundary if one dislikes
there are a total number oV = Ny + M players in the the properties of the Nash and Raiffa solutions. Bargaining
network. DefineS as the bargaining domain or the feasiblsolutions can be analysed using players’ preference fumcti
set of all possible outcomes aiftlis assumed to be convex,In the two-user case, with disagreement poirté* = u'* =

#(1+W)_17

Ill. RESOURCEBARGAINING MODEL



0, the players’ preference functions are defined as Referring to (5) and (10), the resource constraint paramete
T corresponds tg;" and 1 respectively for the uplink and

v = un+ Bl u2) (13) " gownlink. Note that a similar formulation has been consider
vg = uz+ B(1—uy), (14) in [3] but the authors only focus on the Nash solution, i.e.

where 0 < wy,u; < 1 and 3 is a weighting factor that 8 = _O. We are inter_ested in deriving a range of bargaining

measures the trade-off between one’s gain and anothéipéuuons’, parametensed by on the _Paretoir?oundary.max

loss. The bargaining outcome* is the solution tou* = Proposition 1: Undjsr thlgi:\ssumptlon of"™ < n; < "

arg maxy (v1v2). The special cases of= 0, 1, —1 correspond Zi:_l m<T andZizl nit < T, the symmetric bargaining

to the Nash, Raiffa and modified Thomson solutions. The NaSflution, parameterised by weighting factéy —(NV — 1) <

solution only considers individual's gains and ignores how = 1. Of the problem (P1) is given by

much other players may gain or lose. On the other hand, the ni(8) = min{7; (8), n<}, (18)

Raiffa solution places the same weight on individual gaid an

other players’ losses. The modified Thomson solution, also

min N min

known as the relative utilitarian outcome, maximises the su here 7(5) = T (N - D@V™ = 3o ™)

. . I w 7:(3) +
of all players’ normalised utilities. N N(N —1+5)
For the multi—plaitienr case, we define .tftb glliyer’s prefer_- +5(‘;\77]?1-@( _ Z;\f:l ) 19
ence function with:}*™ and maximum utility.** as follows: NN —1+7) :
vi(B) = u; — w4 L(Z WP — ). (15) Proof: Let bargaining domainS be a nonempty, convex
N—1 oy and compact set. Taking the logarithm of (P1), the Lagrangia

. i f th lem is gi
where 3 = 0,1,—(N — 1) corresponds to the Nash, Ran‘faequatlon of the problem is given as

and utilitarian solutions respectively. Our definition dasot N ) 3 ,
requireu; to be normalised by its maximum value singg** L(n, A, p1,7y) = Zln (ﬂi -1+ N_1 Z(Uj - 77j)>
i=1

is included and is general enough to include the special case J#i
of normalised utility in [5] and [17]. The bargaining outcem N , N N
u* () is the solution to - Z (™™ = mi) — Zui(m - ) — 7(2 ni—1T).
i=1 i=1 i=1
N
u*(f) = arg mavai(ﬁ). (16 The necessary and sufficient Karush-Kuhn-Tucker condition
i for optimality fori € {1,..., N} are
The solution depends oA and we call this the symmetric 3 N
parameterisecsolution of the bargaining problem. fmi) — N1 S fm) = Xi—mi+y (20
J#i

IV. RESOURCEBARGAINING IN WCDMA

N
In our WCDMA resource bargaining problem™® and YO mi-T) = 0 (21)
n;"®* correspond to the minimum and maximum acceptable i=1
load factors based on the player’s requirement for the min-
imum and maximum transmission rateg® and z®*, as ; N 1
. : . i using f(n;) = _ 7 . . (22)
defined in (3) and (9). If the player is a user of the operator, ni — N 4 o Z#i(n;‘d" — 1)

anin < x§rlirl7m;nax < Rmax1 = {17 . 7]\/‘} For themth N ‘
MVNO, its guaranteed minimum resource allocatiorkig™, When constraintg) ., 7;—T) is inactive andn** —7;) and

which can be in terms of the transmission rate or load factdn: — 7;"**) are inactive for alli € {1,..., N}, \; = i = 0

lts maximum requirement will be in terms of the maximun&ndy > 0. Solving these equations, we hayen;) = f(1;)

requirements of all of itsV,, users. forall j #4,i,5 € [1,N] or

A. Symmetric Bargaining o= 15 + (N = 1) (™ = ™) + B> — nire) (23)
We first derive the symmetric bargaining problem with= ! N-1+p

n; where all players are assumed to have equal bargainiU
power. The symmetric resource bargaining problem is definS
as (P1):

ing (23) and conditiorﬁjé\f:1 n; = T, the solution to the
rgaining problem (P1) can be derived accordingly. W
Proposition 2: When players take into account the utility
_ 3 loss of other players in their preference function by sgttin
max H(m -+ N1 > e~ 77j>> weighting factor0 < § < 1, the absolute gap between the
i=1 J#i new outcome and the Nash solution increases by up to

N

N

i max min N max min

st ;> < mte g n <T. a7 A (N = 1) (" = ™) = (320 1™ — ni™")
=1

; = (24)



when g = 1. The utility, measured in terms of the load factor;; = =x“— can be interpreted as thH®argaining powerof
i . . . . j=1TJ .. .
of ith player using the Raiffa solution3(= 1) is more than the jth player and the sum of all bargaining powers is equal

max __, min

the Nash solution ifyma* — pmin > Zj.\;i % to one. When the bids submitted by all players are the same,
Proof: From Proposition 1, the Nash (= 0) and Raiffa the asymmetric solution (28) is the same as the symmetric
(8 = 1) solutions are respectively given by;(5) = solution derived in (18).
min{#;(3), n"**} and Proof: The derivation is similar to the one in the previous
N : section and will therefore be omitted. It is easy to see that t
) T = gpin , : . I~ )
W(0) = pmin 4 j=1"j (25) symmetric solution (18) is a special instance of the asymimet
N solution. The second part of the proof can be obtained using
(1) = 7:(0) + A; (26) 7 — ., = +. ]
The second part of the proposition is obvious. [ Proposition 4: Similar to Proposition 2, when players take

The Nash solution in 25) is the tangent point of the into account the utility loss of other players, ile< g < 1, the
hyperbolaHJ»\il(m — pmin) = constant and only takes intoabsolute gap between the new outcome and the Nash solution
account the individual’s gain; —n™®. This solution is known increases by up to
as thespI|tTtr_1e—d|fferenceruIe _and .comudes with the two- s (1— N#)T — o + 4, Z{\f:l n;nin
user bargaining outcome derived in [16]. On the other hand, A}* = J
the Raiffa solution in €6) places the same importance on A s N A N
one’s gain and the losses of others. On the other hand, as +Ti(N — D™ + (N =17 — 1] Zj;él 5 (30)
approaches-(N —1), more weight is placed on other players’ N
gain. Wheng = —(N — 1), the problem maximises the sumwhen 5 = 1. When the Raiffa solution is used, the utility of
of utilities of all players. However, there is no trivial stbn the ith player will only be greater than the utility derive from
for this problem agN — 1 + 3) approaches 0 in (1) whefi the Nash solution whelA#S > 0.
approaches-(N —1). When—(N — 1) < 3 <0, the weight  Proof: Using Proposition 3, the Nash and Raiffa solutions

on other players’ utility is less than 1. are respectively given by
B. Asymmetric Bargaining s ) N
Imposing the Axiom of symmetry A2 in (P1) assumes i (0) = +Ti(T—Z’7j ) 31)
that all players have equal bargaining skills. In practite, AS AS AS 7=1
bargaining outcome may be influences by other variables such 701 = 7;°(0)+ AR (32)

as the tactics employed by the bargainers, the negotiatien p The asymmetric Nash and Raiffa solutions derived in (31)

cedure and the information structure [16]. In our asymmetr;LJ‘nol (32) exhibit the same properties as the symmetric sositi

Lesquf:ce ba;g:;ininhg quel, Wg ba”OVI\I/ tf|1e final outcome g ye previous section. The Nash solution only varies atcor
€ influenced by the price paid by all players. Suppose ﬂ]ﬁb to the minimum load factor requirements and bargaining

each pll<ayerz' < {1"'h'.’év.} Cflm Sﬁbm'tb‘? bidr; \fVth]O th«:ef- owers of all players. The asymmetric Raiffa solution takes
hetwork operator, which is also the arbitrator. We then @efify,, »-count the maximum load factor requirements as well.

the asymmetric resource bargaining problem (P2) as follows Proposition 5: When the bargaining power of thih player

N , 8 i varies byé;, the new load factofi*® can be written in terms
meax H(m i v > - 77,7')) of the previous load factof*>°'! as
=t g AS _AS,0ld
_ N mo(B) = (1+Ki(B)n; " (6) (33)
st =g < g z;n <T. @7 where

min N max
Proposition 3: Under the assumption o™ < 7% < g, (3) = N§;[1 — (N = D™ + BT = 3o #7)
prex SN e < T and YN gt < T the asymmetric NSO N — 1+ B)
bargaining solution, parameterised by_ we_ighting facthr Note thats, = # — 7°M(3). When the bargaining power
—(N —1) < B <1, of the problem (P2) is given by increases, i.é5; > 0 and K,(8) > 0, 725(5) > niAS,old(ﬁ).
n2S(3) = min{7*5(3), ninax}, (28) Similarly, using (18)7*5(8) > n;(8) when#; > +. [
Proof: Omitted.

-

_ . 1—-N7#)T
where  7°(5) = 7T + % V. NUMERICAL ANALYSIS AND DISCUSSIONS
(N — 1) (i — 7, 5N pymin) In order to achieve the resource allocation outcome in
+ Jl\f : ‘ 5]:1 J Proposition 1, the arbitrator, i.e. the operator requifes t
-1+

N knowledge of each players™™ andz#*. This is not difficult
Bl + (N — 1) — 1) 3250, np™] ,q) [0 achieve in real implementation because users can select
+ N—-1+8 - (29 their acceptable transmission rate range at the beginriing o




T T
—&—Sym - Player 1 (User)

a call or even change it during. Moreover, for each serv . Symmenand Asymere Sraining Sobsors Lo Fac
the operator can set up several classes with different ngu 2o )
guaranteed quality for its users to select from. Using (3) X -hoym - Player 2 MVNO)
(9), the operator can calculate the minimum and maxin
load factor requirements of its users for both uplink ¢
downlink respectively. For the MVNOs;!* is specified in
their SLA with the operator ang;*** is a function of the
total maximum load factor requirements of the users suppc
by them. The MVNOs can in turn redistribute the resour

allocated in a similar manner using (18). 0o A
The Nash and Raiffa solutions derived in Propositions 1 ]
2 satisfy different axioms and are both on the Pareto opt S - T Ry ST S T a—1

5
Parameter B

boundary. The Nash solution maximises the Nash product
the product of the gain of all players. The Raiffa solutiosoal _ _ . _ _
considers the size of the bargaining domain of each p|ay5||g. 2. Symmetric and asymmetric bargaining solutions itk (0.5,0.5)
. ) ; o \ antl # = (0.6,0.4) respectively.
i.e. how much other players give up in addition to one’s gain.
To illustrate this, we consider the following simple gamehwi
N = 2. Player 1is a user and Player 2 is an MVNO, which hagquirement. When the solutions are all Pareto optimal, the
two users with the same maximum load facto6. Suppose selection off is arbitrary.
thatT = 1 and the minimum and maximum requirements of
the players are™™ = (0.1,0.2), n™* = (0.5,1.2). ACKNOWLEDGEMENTS
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