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ABSTRACT e.g., interference management through fancy power control algo-

rithms or intelligent AP association for load balancing [3].
However, of another crucial importance is the study of the eco-
nomic incentives to install femtocells from the perspective of users
and the providér It may have bigger impact on the success of
_femtocells. Shetty and Walrand [6] studied this economics of fem-
tocell networks and drew the research result that appropriate pric-

The femtocell is an enabling technology to handle exponentially
increasing wireless data traffic. In this paper, we study economic
aspects of femtocell deployment with a game theoretic model be-
tween a provider and users. The provider provides differentiated
service of macro only, or macro plus femto services and users se
lect one, whichever maximizes their net-utilities. Femto users also :

decide whether to share their femto APs with other users given eco-'"9 schedm(:]s enafble the g\creasbe n prgwdclersk’) re\;]enue, where tir:gy
nomic incentive. We answer the optimal pricing of providers and 2SSumed that a femto BS can be used only by the owner. In this
the optimal incentives. paper, we extend the model, and focus on other issue of openness

of femtocell services. Users have two options: (i) open his femto
BS which other users can connect to, and (ii) close his femto BS for
his exclusive use. The focus of this paper lies in pricing and open-
Categories and Subject Descriptors ness of femtocell networks by studying the economic interactions
between the provider and users. They are coupled via the pricing

C.2.1 Network Architectureand Design]: Wireless communica- strategy by the provider and users’ utility to use the service, and

tion also the network characteristics of femtocell networks.
The main messages of this paper are summarized as follows: By

General Terms allowing the open-femto servicessanificant increasén service
Management providers’ revenue, users’ utility, and the social welfare is achieved

with small subsidieso open-femtocell users. For example, under
Keywor ds a setting of our numerical examples, increase in the revenue of the

provider ranges from 20% to about 70%, depending on the location
femtocell, pricing, game model of the generate traffic; As we have more traffic outside the femto BS

that one owns, the gain becomes larger. In terms of users’ utility,
1. INTRODUCTION the increase with the open-femto service is upto 10 times at the best

Recently, the demand of data traffic in wireless networks has dra- ¢2S€ than that with only closed-femto service. We also investigated
matically increased. Many researchers from networking and finan- the subsidy, i.e., the amount of money the provider discounts for
cial sectors [1, 2, 4, 5] forecast that by 2014, an average mobile userth® user who opens his femto BS. From our numerical computation,
will consume 7GB of traffic per month which is 5.4 times more than  this subsidy does not have to be large, and just a small discount is
today’s average user consumes per month. The main drive behingen0ugh to incentivize the users to open their femto BS.
this unprecedented growth is mainly due to smart mobile devices
that offer ubiquitous Internet access and diverse multimedia appli-
cations. Many solutions to cope with the huge increase of mobile 2. SYSTEM MODEL

data exist, e.g., physical layer innovations, of which obtaining spec-  Consider a monopoly wireless service provider who offers mo-
tral efficiency via reducing cell sizes is known to provide the most pjle services to users of populatidv. The operator provides three
powerful approach. In that context, femtocells are gaining a lot of gifferent servicesmobile only mobile + open femtoandmobile
attentions as a cheap yet viable way of achieving high spectral ef- + closed femtawith different flat subscription fees of.,, p, and
ficiency. Most of research on femtocell are performance-oriented, ;. Users of the first can use macro base station (BS) only while
those of second and third can use both macro BS and femto BS net-
works. Users of the open femto services allow other users to access
their femto networks while those of closed femto do not as Figure
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Figure 1. Links allowed for mobile only, mobiletopen femto,

and mobile+closed femto Figure2: Net utility of usersfor each servicetype

achieves throughput is
ghp such thati; (z; 7i;) = i, (x;7:;) for all i, j € {m,o,c}. Then,

uj(z;7) = v9; (@), we can finda as follows:
whereg; is a nondecreasing concave function anis uniformly m = (Ymo — Ym) /7
distributed betweef0, 5] for j € {m, o, c}. A user selects one of o = (Yo — Ymo)/7,
the three services ifim, o, ¢} or decides not to select any. Then ae = (F = Yoe)/A-

the net-utilitys of a type~y user for servicg is
) ) Users choose servioe if their typey € [ym,VYmo). Similarly,
i;(2;y) = v9;(x) — pj, J € {m,0,c}, they choose service or ¢ if ¥ € [Ymo,Yoc) OF ¥ € [Yoc, 7], re-

Here,p, andp. are the prices of femtocell service for an open and SPectively.

a closed AP, respectively. A user selects a service to maximize his
own net-utility when his net-utility is positive or does not select 3.2 Expected ThrothpUt of Users

any, otherwise. The average throughput of users can be obtained from the ar-
Users generate packets with ratewhen they are inside ox, rival and service rates as we assumed Poisson arrivals of packets
when they are outside. We assume that packet streams form Poisand exponential service times using M/M/1 formula. The through-
son processes. The service rate of a macro BS and that of a femtdout might be different as the access point type : macro BS, open-
BS are exponentially distributed with rates, and uf, respec- femto AP and closed-femto AP, Let us define four random variable
tively. We further assume that a user is inside with probabiljtgr T, Ty", T3, and T that corresponds to throughputs of macro
outside with probability, := 1—4;, independent of anything else. ~ BS, of open-femto AP given that owner is in, of open-femto AP
From our traffic models, it seems to reasonable to set the parametegiven that owner is out, and of closed-femto AP. The expected
« of g;(z) with theexpected throughputn this paper, we assume  throughputE[77] of servicej given statuss € {in, out} can be
that utility functiong; (z) = x for all users. We will elaborate the ~ computed by:
computation of the expected throughput in Section 3.2. 1—p8
BT} = — =Ll 10g(1 - p}), ®
3. STACKELBERG GAME MODEL Fi

where p; is the utilization of access point given statuss. For

in out
>‘o

3.1 Two stage Game . examplep,, = du ot = A povt = M g — 2o
W.e assume .that both operator. gnd users are seffish and try to The total arrival rate\,,, to the macro BS is given by:
maximize individual (expected) utility. In the first stage, the opera-
tor decides price vectgs = (p; : j € {m, o, c}) to maximize his Am = am N (8ihi 4 6oXo) + (o + @) N(1 = q0)do)o, (4)

revenueR by solving the following problem:
whereq; is the fraction of servicg users forj € {m, o, c} andg,

Provider : maxy,, pop. R = N(Pmam + Potto + peorc) is the probability that a user is served by an open femto AP when
sl Pm; Do, Pe 2 0, @ he is outside. In a similar way, we can compute total arrival rates
whereq; is a fraction of service typgusers. In the second stage, a (@ femto APs as follows:
user of typey selects a servicg" () that maximizes his net-utility AT = A (o 4 @)gobodo/a ()
Or Z 1 o c oYo7\o (o8}
. R )\Z b= (Oéo + Oéc)Qo(;o)\o/Oéoy (6)
User: j'(y) = arg  max a;(@;7), ) Ae = A @)

when his maximum net-utility is positive. Otherwise, he does not  With the expected throughputs of (3), we can compute the ex-
select any service. As shown in Figure2= («; : j € {m,o,c}) pected throughputs for each service, which we denotehyr,, .

is a function of price levelp and data rate. The net-utility of user givena = (am, o, o). Recall that we assumed thatr) = =,
type~ is positive ify > ~; for j € {m,o0,c}. Let~;; be a point and thusyz;, j € m, o, c becomes the utilities of users with each



service. we will use ap™ € P(a™), which satisfies

Tm = E[TmL (8) p:n = (1 — Qm — Qo — Ozc)gm(:r), (12)
po = (1—ao—ac)(go(x) —gm(z)) +pm, (13)
. o= (1= ae)(ge(z) — go e 14
 ABET] Pl = (1= ao)(ge(@) = gol@)) +p (14)
To = \id; + ,\050+ for the optimal price. Therefore, we can have the closed form of
AoGo{(1 = Go)E[Tim] + ¢o(8: E[T™] + 6, E[T2“])} © the revenue expressed only by
)\262 + )\050 '
4. NUMERICAL EXAMPLES
We now provide numerical examples with emphasis on revenue
L= Aibi E[T] of the provider, social welfare, and users’ payoff, where Users’ pay-
Aidi 4+ Ao off refers to aggregate net-utility over users and social welfare cor-
Xo0o{(1 = qo) E[Tn] 4 qo(8: B[TI"] 4+ 8o E[TS"])} responds to the system-wide “happiness”, referring to the sum of
Nidi + Aol - (10) revenue and users’ payoff.
As in [6], the network traffic density is defined as
An intuitive explanation of the results in the above is as follows:
when an open-femto user is inside, the packet generated from the Co = S L — (15)

user is served from his femto AP. On the other hand, when the (0iAi + G0 o) N

open-femto user is outside, he can use one of other open-femtolntuitively, c, refers to per-user traffic density from the perspec-
APs or the macro BS. If we lef, be the probability that open-  tive of the macro BS, when every user uses only macro BS for his
femto AP is available, then with probability,d;, he can use a  service. Thus, as, decreases, traffic density becomes more heavy.
femto AP with owner inside. With probability,d,, he can use For example, the current HSDPA networks support 3.6Mb/s. When
a femto AP with owner outside. Similarly, the probabilities for there exists 100 possible users in the cell and they generate 36Kb/s,
that a closed-femto user is served by BS tygel, O, andC are ¢, becomes 1. The parameters used in the numerical example is
0o(1 — go),00G00s, 00G000 andd;. Besides, mobile-only users are  described in Table 1.

always served from macro BS. In this papgris computed as

Go=1—(1=p)N, (11) Table 1. Parameter valuesin numerical examples
| Parameter] Description | Value |
since each open-femto AP has the same amount of coverage area N Number of users 100
which is 3 fraction of the coverage of the macro BS. N/ o Traffic density ratio 1
S Iom Process time ratio 2
3.3 Equilibrium (p",a") Mﬁu Maximum user type 1
Solving the two-stage game is non-trivial due to inter-coupling B Open femto coverage factgr 0.05
betweena andp. Typically, we use backward induction to solve 5y Eraction outside 03

the sequential game, i.e, for given we solve the user’s problem
to find «. Then, we optimize the first stage game to decide the
price. However, this problem requires a Newton-type backward
induction as it is a fixed point problem. Observe that even for a
givenp, computinge is non-trivial because the net utility of each
user affectsx due to the problenser, and alsox affects the net
utility due to the expected throughput’s dependence ofo show
the dependency, we usg(a),j € {m,o,c}.

The following theorem enables us to solve the problem very ef-
ficiently. Let us define4 given by:

Figures 3 (a), (b) and (c) show the users’ payoff, the revenue
of the provider, and the social welfare, respectively. They show
that with femtocell service, those three measure increase overall in
our parameter setting. Moreover, introducing open-femto service
is advantageous to both users and providers.

For example, wher, = 1, we obtain about 20% of revenue
increase when 70% of traffic is generated from inside. When the
portion of the outside-traffic increases, the gain due to open-femto
APs increases, since the open APs off-load outside traffic more. For

A= {a|zm(a) < zo(a) < zo(a)}. example, when 70% of traffic is generated from outside, the gain

amounts to 67%.
THEOREM 3.1. For all @ € A, the optimal revenues of the Note that by introducing open-femto APs, both the provider and
provider in (1) are the same. users become much happier. We observe that users’ payoff with

open femto APs is up to 11 times more than that with only closed
We omit the proof due to page limitation but we provide the femto AP. Besides, the gain of open-femto APs becomes larger as
sketch of proof. Note that for a givett, there may exist multi- network traffic density increases, which comes from off-loading
ple price vectors that leads to tlee Recall that if a price vector traffic from the macro cell to open-femto APs. For example, when
is given, users selects their service to maximize their own utility 70% of traffic is from outside and network traffic density is 0.2, the
(i.e., by solvingUser), which results in somex. Since the revenue revenue of the operator with open-femto APs is 3 times more than
is computed aV (ampm + aopo + acpe), the prices for service that with only closed femto AP.

typej € {m, o, c} wherea; = 0 do not contribute to the revenue. Figure 4s (a) and (b) show the portion of the users who subscribe
Thus, it suffices to consider only when,, p,, p. > 0, in which mobile only mobile+open femt@r mobile+closed femtdor the
case, ifa € A, we can prove that the resulting revenue is uniquely two casesis/um = 1,2, i.e., when the femto BS's service rate is
determined. Denote b?(«) the set of allp that lead to thex in equal to or two times more than the macro BS. In both cases, we
the way as described above. observe that no users are subscribinmtibile-onlyservice. In par-

Since, from Theorem 3.1, it suffices to use ary the setP («), ticular, when femto APs’s service rate is faster than the macro AP,
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Figure4: Users servicetypevsc,

which is a typical case, all of users are expected to subscrib@to
bile + open femtaservice. Subsidy fomobile+open femtaisers,

i.e.,p. — po May not need to be large, as shown in Figure 5. Thus, [2]

with very small subsidy, we can guide users towardsbile+open

femtoservice, for which users, the provider, and the social welfare

significantly increase.

5. CONCLUDING REMARKS

Figure5: Subsidy for mobile+open femto vsc,

ers, he may want to be served with some priority, which is also an
interesting research topic.
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