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Abstract—Adding unlicensed spectrum, such as the recent for each SP is zerb.Moreover, equilibrium profits for the
opening of the television white spaces in the US, has the potentialincumbent SPs with licensed bands may decrease with the
to benefit customers by increasing competition, but may also ,qgitional unlicensed spectrum and the overall social avelf
increase congestion. In an egrller paper, we studied this using mav also decrease. depending on the amount of unlicensed
models for price competition in congestible networks. Here we y ) ) ’ P g
extend that model to include the investment costs of providers. bandwidth introduced. On the other hand, [3] showed that
With such costs, we characterize the equilibria of the resulting consumer surplus is always non-decreasing with additional
network investment and pricing game and show that in some ynlicensed spectrum for homogeneous customers. Extending
cases the equilibrium is not increased competition but rather the results to a heterogeneous pool of customers who have
investment ingle monopolist. . . . . .

estment by a single monopolis different tradeoffs in service price and congestion co3}, [

|. INTRODUCTION also showed that both social welfare and consumer surplus

. may decrease with additional unlicensed spectrum.
The FCC has recently opened up TV white space spectruml_he models in [2] and [3] did not include any cost for

as unlicensed spectrum [1]. This can potentially stimutiete SPs to invest in the unlicensed spectrum. Since the profit

innovation in both technology and new wireless service-busi ; ) o
! - ; rom the unlicensed spectrum is zero, it is not clear that SPs
ness models. There is no cost for acquiring such unlicense . . . . , i
uld have any incentive to invest in the first place. In this

spectrum as by design it is open for any service provider (S er, we incorporate investment, in terms of “effort” tduee
to freely use; hence, unlicensed spectrum will substa}ntiafO Per, b '

o . . congestion cost, into each SP’s strategy. Intuitivelys tban

lower the entrance cost for providing wireless servicesvHo s . . . .
. T allow additional freedom in which each SP may differentiate
ever, exploiting such spectrum does require investmermt) su

; . its service from the other SPs’, and so can provide SPs with
as technology and/or infrastructure. Furthermore, thelleoa/ : . : .
more incentives to enter the market via unlicensed spectrum

congestion effects for each SP, caused by increasing castom We f : ¢ t and ori tition f .
demand and/or interference from the other SPs operating. in € focus on investment and price competition for services

the same frequency bands. To reduce such congestion ks be unlipensed spectrum alofgve exteqd the model in [.2]
SPs can invest in better technology and/or more infrastract such that investment can reduce congestion costs. In pkatic

Therefore, it is of interest to investigate competing SPEhe Investment ',S explicitly _assumed to re_duce the congest ,
investment and pricing behavior. caused by a SP’s own traffic plus the traffic of the other SPs’.

In our previous work, [2] and [3], we adopted a framewor%\/e then model the investment and pricing dynamics among

for price competition of congestible resources developed I Ps tas at muitr']'s?gf tgame W(;‘fhre SPs m?ke deqz;r_lston
the operations and economics literature [4]—-[7] . AccoggdinmveS ments In the Tirst stage, and then compete on pricéein

to this framework, in a competitive equilibrium the deligdr second stage. This model is valid for imreversible investine

price, consisting of the price paid to an SP plus a congestigﬁ is usually the case in the wireless services mdustryther
cost, is the same across all SPs. A key assumption in £ ¥estment often corresponds to the deployment of addition

and [3] is that each SP in the unlicensed band experien Béastructure or better technologies. Using the soluton-

a congestion cost that depends on the total traffic in thad ba%eDt of sgbgame—perfect glqu!hbnum, we show.that, for. the
(of all of the SPs). This is motivated by the likelihood thaf'©d€! Of interest, the equilibrium of the game, if one exists
customers sharing the unlicensed band within a given regigﬁrrespon_ds o a}rmonopoly ,:5(_:ena_r|0. L “

will interfere with each other even if they are associatethwi T_he” not!‘on of _m,}/fastmer_]t in th's paper 1S _S'”“"”?r to “ca-
different SPs. In [2], we studied the social welfare obtdineoac'ty or quanuty in the mQustrlaI orggnlzatlons Imat_ure.

by adding unlicensed spectrum to an existing allocation &P this end, price and capacity competition between firms has

licensed spectrum among incumbent SPs. It has been shown

that the resulting equilibrium price in the unlicensed spea tg:‘;ﬂﬁlf‘éits'tsa%%”ggzrepdrb;ﬂeig g;lﬁ ggruo'"b”“m price vall to be equal

is zero. As a result, the profit from the unlicensed spectrunesych scenario is reasonable if the customers in the unlidebased are

from a different group from incumbents’ customers and SPserutilicensed

This research was supported in part by NSF under grants ®05407 band are entrants (who do not have proprietary spectrum). athe service
and CNS-1147786. market in the unlicensed spectrum forms a separate market.



been extensively studied, such as in the Edgeworth-Bertran In this paper, we consider a particular stylized model of

game [8] and models that built on top of it [9]-[11]. Ininvestment: one SP’s investment reduces the congestiecteff

these models, if firms set quantities and prices sequentiattaused by all customers in the unlicensed band. That i8sSP

a pure strategy equilibrium may fail to exist, in which caseongestion cost is given by

mixed strategy equilibria are studied. On the other hand, S T

if firms choose to set quantities and prices simultaneously, g(x,I)=g <ZEN1> Q)

then a pure strategy equilibrium does not exist. Congestion I

externalities are not explicitly considered in these witken with investment/;. For example, this model can apply where

congestion cost is present, [7] explored the conditionsaforSPs invest in base station sectorization in a cellular-type

pure strategy Nash equilibrium to exist when firms set pricgystem, with/; indicating the number of sectors in a cell.

and investment simultaneously. [12] and [13] also consider|f SP i sets investmeni; > 0, we refer to it as beingctive.

firms that set capacity or investment and price sequentially On the other hand, SPis inactive if it chooses not to invest,

congestible markets in a similar spirit to our model. Howevel.e., I; = 0. We assume that if a SP’s investment is zero, then

the preceding papers assume that each firm has access tésaprofit is also zero.

exclusive resource and the congestion suffered by its &® Customers

depends only on the number of customers consuming thaks in many other models in the network literature [14], we

resource. Here, the service of each firm is prOVided througragsume a unit mass of homogeneous customers. Customers

non-exclusive resource that models unlicensed spectrbis T choose a SP based on tHeivered price, which is the sum

the congestion suffered by customers of each firm also depeggl the price announced by a SP and the congestion cost it

on other firms’ customers. We shall see that this assumptiggperiences when served by that SP. Fori'SRustomers, the

changes the outcome compared to where firms have exclusiéivered price ig; + g(%).

resources. The demand for services is governed by a downward

sloping demand functio®(p) with the inverse functior(q).

Customers always choose service from the SP with the lowest
Our model is an extension of [2]. The economy consists @livered price. When facing the same delivered price from

service providers (SPs) andtustomers. The SPs set investmentmultiple SPs, customers are assumed to randomly choose one

and prices for their services. The customers respond ac,g)rd)f the SPs. Thus SPs with the same delivered price will draw

to both the service prices and congestion costs of the SH¥ same customer mass in equilibrium.

We only consider the market associated with the unlicensedGiven investment and price vectors of every 8Pp), the

spectrum. We next describe the models for SPs and custonfé@8-negative demand vectarinduced by(I, p) satisfies

Il. THE MODEL

in details. X b'Y .

Service Providers pit 9(17-) = P +g(7i) for i € A with z; > 0
Suppose there ar® SPs in the market, denoted by the set pi + g(f) = P(X) foriec N with ; >0 )

N. A service provider chooses investment in the unlicensed ;%

bandI and the corresponding service prigdor its service. Di + g(I—) > P(X) VieN

The congestion cost experienced by each SP depends on
the mass of customers served by each of the other SWbereX =3 ., z; is the total customer mass in the whole
Moreover, the congestion cost experienced by the customararket. In other words, the demand for each SP is such that
of an individual SPi also depends on its investment in Nno customer can lower the delivered price by switching SPs.
the unlicensed band. Let = (z1, 2, ...,7x) be a vector of Itis shown in [3] that such induced demand always exists and
customer mass of the SPs. The congestion experienced by $Punique for a given investment and price vector.

in the unlicensed band is denoted by the funcgéx, I;). For Furthermore, we make the following assumptions on the
the congestion function, we make the following assumptiongongestion cost functiom(-), and the demand functio®(-).

if I; =0, thenz; =0, g(x,I;) = oo, and}igl() 7;9(x,I;) = 0. Assumption 1: Assume g(z) and zg(x) are strictly in-

In general, an increase in investment of a SP reduces f{E3S"9 and convex?(x) IS concave decreasing and’(x)
strictly concave. In addition, assum€0) = 0 and there

congestion it experiences, and hence allows it to raise 1)
service price (due to better quality of service) or admit moreX'StSQ > 0 such thatP(Q) :_0'

customers. On the other hand, there is a cost of investméf Two-stage Investment-price Game

such as deploying more access points or upgrading existiigfven the investment, denoted by; and prices, denoted by
technology. Thus the trade-off for the SPs is between the rav—: Set by the other SPs and the demand vegtsatisfying
enue earned by serving customers and the cost of investméa. if Z; > 0 then SPi’s profit is given by

Furthermore, investment of the SPs can take on many differen (L, Iy, pi, pi, X) = pizi — cl; 3)
forms such as infrastructure and/or technology and it mag ha T e e o !
different effects on a SP’s own traffic and the traffic of othewhere the first term represents revenueollects from its

SPs. customers and the second term represents investment cost



which is assumed to be proportional # with constant welfare in (4). We call this solution theocially optimal
marginal investment cost In general, different SPs may havesolution.
different investment costs. Our focus in this paper is oresag imitations
with symmetric investment cost and many of our results can bghere are a few limitations of our model. First, we do not
generalized to asymmetric investment costs. Further= 0 consider incumbent SPs with proprietary spectrum. Thus our
if I; = 0. The objective of each SP is to set investment angogel is valid when all of the SPs are new entrants. Second,
price to maximize its profit. _we only study a particular form of investment, which is the
As previously discussed, it is reasonable to assume irgyme for every SP, in terms of its impact on the congestion
versible investment for wireless service markets. Theegfo oqgt. Other types of investment may yield different equititm
the dynamic among different SPs is similar to the capacityytcomes. In addition, the assumption of linear investment
price game in [11]. We refer to the dynamic in our modelosts is another simplification. Third, this model essdigtia
as theinvestment-price game. In this game,N SPs move assumes that every active SP uses the whole unlicensed
first and simultaneously set investment. Having observed tg‘pectrum. In practice, it may be possible that a SP transmits
investmentl; ¥ i € N set in the first stage, SPs then announcger 4 part of the spectrum (e.g., certain channels in the TV
their service priceg; simultaneously in the second stageéynite space case). In such scenario, a SP’s interferenge onl
Finally, customers choose SPs based on the delivered priggts the SPs transmitting in the same frequencies, which

given by (2). . _ complicates the formulation and analysis of the resulting
The solution concept we use for this sequential game dames.

subgame perfect equilibrium (SPE) [15]. Moreover, we only
consider pure strategy SPE. [1l. EQUILIBRIUM

Since the investment set in the first stage is observed by, this section, we characterize the equilibrium struciofre

all SPs, every investment vectbr= (11, ..., Iv) then defines ¢ jnvestment-price game. We first examine the investment
a proper subgame, which we refer to as fiecing game.  4ng price choice for monopoly scenarios. Then, we study

Subgame perfection asserts that the continuation equitbr 4jiqonoly scenarios with multiple SPs with symmetric inves
strategies constitute a Nash equilibrium in each subgaime. Tment costsg.

entire game consists of two subgames: a pricing subgame

where SPs compete on prices for given investment levels and.aMonopoly Scenario

investment subgame where SPs set investment levels exgecti Suppose there is a monopoly SP in the unlicensed %and
prices according to the outcome of the pricing subgame.  then the SP will jointly optimize its profit over investment

Thus for each investment subgame (for an investment vec. () and pricep > 0, which results in the following problem.
tor), we define a continuatioprice equilibrium.

Definition 1: Given an investment vectdr, the price and max I=pzr—cl (Par)
demand vectorg(I), x(I)) is a pure strategyrice equilib- P 2
rium in the pricing subgame for investment veciboif x(I) st p+g(y)=Pla)
;ﬁtcizzes (2) and no SP can improve its profit by changing 0<z<Q, p>0, 1>0.

We next define the SPE of the entire two-stage game andSubstitutingp = P(z) — g(7) into the objective, F; can
refer to it as thanvestment-price equilibrium. be rewritten as

Definition 2: A tuple (I°,p(I°),x(I®)) is an investment- v 7
price equilibrium if (p(I°), x(1°)) forms a price equilibrium max Il =zP(z) -z (9(1) + Cx) (P'm)
in the pricing subgame fdi® and no SP can improve its profit ’ - 7
by changing investment. A(z/1)
Social Welfare and Social Optimality. st. >0, 1 >0.

Definition 3: Supposedl is an investment vector and ther
exists an induced price equilibriurfp(I),x(I)). Then, the
social welfare is defined as

8n the objective of Py, the first term represents the
monopoly’s revenue collected from the customers, while the
Y second term represer;ts the costs of congestion and invaistme
_ B XN _ DefineA(t) = g(t)+c+, such that the cost term can be written
SW = /O Pla)da i%;[xlg(li) g;[d“ @) aszA(x/I), as marked in R,. Note that given a fixed > 0,

, A(z/I) is the only place wheré enters into the objective and
where X' = 3 ,c\ 2, and the correspondingonsumer i is strictly convex in7 with Assumption 1. Thus, to solve
surplus is defined as P ar, one can first minimize\(¢) overt > 0, wheret = z/1.

X Let the solution to this minimization bg; this must be an

cs= ; P(q) — P(X) dg. () interior point that satisfieg’ (¢)¢2 = c. Let the corresponding

) Finally, the problem for a social planer IS to a”OFate 3The unlicensed band essentially becomes the monopolist Eisigtary
investment ;) and customersaf) to maximize the social band in this scenario.



objective (minimum marginal cost) b&*. Since the solution Lemma 3 characterizes the price equilibrium for two SPs.
to the problem of minimizingA(¢) for ¢ > 0 must be an The result can be easily generalized to multiple SPs.
interior solution, one can apply the envelope theorem [15]Lemma 3: Let I; > 0 and [ > 0 be the investment of
to this problem and show that the optimal objecti is the two SPs. Given Assumption 3, a unique Nash equilibrium
increasing irc. As a result, given any > 0, the corresponding of the corresponding pricing subgame always exists. Let
optimal investment is given by*(z) = x/£. Moreover, the (p§,x{) and(p§,z5) be the price equilibrium. Then the price
objective of Py, becomedI = 2 P(z)—AXx. This is a strictly equilibrium must satisfy the following
concave objective. Thus, it can be maximized by solving t{g If I; = I, thenpf =0, z§{ > 0 andps = 0, z§ > 0.
first order condition,%xP(x) = A¥. We then have the (ii) If I; > I> > 0, thenp{ > 0, 2§ > 0 andp5 = x5 = 0.
following lemma about the monopolist's behavior. Proof: If I, = I,, then the congestion costs of the two
Lemma 1: Suppose Assumption 1 holds. F(0) < A%, providers are the same. Thus the SP with lower price willserv
then the monopoly SP goes not invest and serves no Customgfisyf the customers. Therefore, it can be seen ghiat 0 and
Otherwise, if P(0) > A, tf}\?n th(]awmonopoly SNIID serves’ e _ s the only equilibrium price vector, and the two SPs
customers with investment” = ™' /¢, wherex™ satisfies  gqually share a positive mass of customers according to (2).
d y Thus (i) is proved.
@xp(x) = A We next prove (ii). Sincd, > I, we haveg(3) < g(+)
. g for all X > 0. First, the price equilibrium cannot be such that
Note that from Assumption g zP(z) < P(0) for all ~ =_ ' ang,, > 0. Otherwise, SP's delivered price would
@ € [0, Q]. We make the following assumption from hereaftef,oy pe strictly lower and thus SPwould serve all of the
so that a monopoly will always enter the market. customers. As a result, both SPs would have zero profit, and
Assumption 2: P(0) > A%, hence SR would have the incentive to increase its price while
. . SP2 would have the incentive to lower its price.
B. Oligopoly Scenario Second, suppose we have a price equilibrium with> 0,
Next we turn to models with multiple SPs. Before addresg; >~ 0 and p, > 0, zo > 0. Then by the condition
ing the two-stage investment-price game, we briefly comsidg (2), we must havep, + g(lz) = po + g(%) where
a game in which the SPs make investment and price decisiops— », + 1, denotes the total customer mass. Suppose
simultaneously. Then the resulting investment-price game hasp 1 reduces its price by > 0 to p, = p1 — e and the
no pure strategy Nash equilibrium. Such scenarios arereeferresulting total customer mass 5’. To satisfy (2), we must

r=xM

asreversible investment (see [7]). o _ havep) + g(%) = P(X') < po + g(%) and X’ > X.
Lemma 2: No pure strategy Nash equilibrium exists forrhus, SP1 will attract all of the customers (including SP
scenarios with reversible investment. 2's), which leads to a profitable deviation. Therefore, it can

|ntuitiV8|y, this is because for any investment and priCBe seen that the On|y possib|e equi”brium pricesﬁr@ 0
vector, a SP has the incentive to deviate by increasing #fdps = 0, which means:§ = 0 from Assumption 3. Itis then

investment. This will reduce the Congestion of the SP, amgnows that SP1’s equilibrium price is given by maximizing
hence its delivered price. Lowering the delivered pricel wil,, ;;, subject to the constraints

attract all of the customers and lead to a positive improveme X X
in the SP’s profit. A formal proof follows by simply extending p1+ g(I—) = P(X) and g(I—) > P(X). (6)
the proof of Theorem 1 in [2], thus is omitted. o e _

As noted previously, for wireless services, a more reasdn@’ /1 > Iz, this optimization will have a solutiop§ > 0
able model is to assume that the investment of SPsofs "M Which SP1 will not want to deviate. Moreover, S
reversible, where our model of two-stage investment-priG&" @lso not deviate since increasipig= 0 will not attract
competition can be applied. We first characterize the pri€&Y customers. _ _ o
equilibrium structure, based on which we then study the SPENOte that if there are multiple SPs, applying Lemma 3
of the entire investment-price game. Before stating thaltes ©© €VeTy pair of SPs implies that only the SP with largest

on the price equilibrium, we first make the following assumd'[“’es’tment will have strictly positive price and customeass:

tion on the customer response to SPs' prices, in addition i{bthe price equilibrium. If there are more than one such SPs
@) with the largest investment, then every SP’s price will beoze

Assumption 3: Any SPj with p; = 0 will receive z; = 0 at price equilibrium and the SPs with the largest investment
: J = Jj =

whenever its delivered price is the same as that of some oth@ll eaually share a positive amount of customers.
SP i with p; > 0. Therefore, there can be at most one active SP in any

The purpose of Assumption 3 is to guarantee the existertd9ame-perfect equilibrium of the investment-price game

of a pure strategy price equilibrium. We shall see that thissyote that in any equilibrium for this case, neither nor zo can be zero.
assumption does not essentially change the outcome of the, the corresponding SP would have the incentive to Iditgeprice.

investment-price game, but rather guarantees the exestahc >Assumption 3 is necessary, or else whgik'/I>) = P(X), SP2 would
vez§ > 0 and SP1 could attract all of the customers by reducipg

a pure strategy equilibrium path, and hence the existenee 02‘;1 an arbitrarily small amount, preventing a pure strategyiliegum from
pure strategy SPE. existing.



X
This is because otherwise the SPs with smaller investment 1 Pla 9(7r)
would have zero price in the price equilibrium by Lemma 3, No equilibrium -~/ =
. . . e ; g(+
and hence negative overall profit. Thus the SPs with smaller y
investment can be strictly better off by investing zero fflgei
inactive) resulting in zero profit. Therefore, our focus thex
is on scenarios with a single active SP. Apparently, the SP
will behave like a monopolist, whose investment and priee ar
given by B,;. To show that this is indeed an equilibrium, one
needs to show that given the monopoly’s investment and price | "
the other SPs do not have the incentive to enter the market, 0
i.e., entering the market will result in negative profit.
Suppose SP enters the market after SPhas made the Fig. 1. II‘IL_Jst_ration of the relation betweeR(-) andg(-) and the existence
investment ofl,,. Then, according to Lemma 3, SPmust °F &1 equilibrium .
invest more than SR, i.e., I, > I,; to achieve a possible

positive pricel. Considering SE’S' price'specified by Lemma strategy SPE in this case becauBér) is aboveA* at z,
3, we can write down SE's profit maximization problem as j e (C1) is violated. Also in Fig. 15(-) with less curvature

35

T

1=

max Iy = poas — clo (p2) thang(:) is shown as a dashed line. For the) in this case,
I2,p2,w2 it can be shown thatl; > I,;. Thus we haver > z,
s.t. po +g(%) = P(29) < g(;ﬂ) which may lead to (C.1)~. Hovyever, it also can be shown that
2 , A} < A% Therefore, ifg(-) yields a large enougliy, such
0<2<Q, p2 >0, Iz > Iy, that P(z) < A¥, as shown in Fig. 1, then having a monopoly

is indeed the SPE.

)In particular, if P(z) and g(x) are power functions, we
an capture the preceding observation through the follgwin
corollary.

C . — _ o — B
max T = 29P(s) — o (g(m) N cb) (p2y  Corollary 1. If P(z) =T —ba* and g(x) = az’ where
2

where the first constraint is due to the fact that after emggri
SP 1 will charge zero price and serve no customers (see (6%
This can be similarly rewritten as

Iy,xo I T a > 1 and g > 1, then the investment-price game has a
st Pla) < g(ﬂ) unlq_ge .SPE i < a. Furthgrmore, there |§ a single SP in the
In equilibrium who behaves like a monopolist.

xo >0, Iy >1Iy. Note that the preceding discussion is for fixed unlicensed

spectrum bandwidth. If more bandwidth can reduce the curva-
ture of the congestion functiay(-) (such as decrease the value

of B in Corollary 1), then large enough unlicensed spectrum
bandwidth can guarantee the existence of a pure strategy SPE
of the investment-price game. We will discuss other benefits
f greater unlicensed spectrum bandwidth in Section IV.

Note that the first order condition w.rit.in P',; implies that
P(xy) > g(%). Thus,zs > x,; must hold to satisfy the
first constraint in P2'. Again, SP will set % = £ to minimize
congestion and investment costs, whens the minimizer of
A(t) as defined in Section IlI-A. Note that this is feasibl
since if x5 > x,/, then the resultings will also satisfy the
second constraint in P2'. Thus the profit of SPbecomes IV. SociAL WELFARE AND CONSUMERSURPLUS

Iy = 25(P(z2) — A7). Therefore, SR will enter the market  According to Theorem 1, the equilibrium of the investment-
only when there exists > 0 such thatP(z2) > A7 and price game corresponds to monopoly, when one exists. There-
P(z;) < 9(1%2,)- fore, we focus on the social welfare and consumer surplus
Note that P(-) is strictly decreasing ang(-) is strictly of the monopoly scenario and compare them with socially
increasing inz,. Let z be such thatP(z) = g(;-), then optimal solutions. Furthermore, we will also examine how
SP2 will not enter the market, i.e., having a monopoly is thgocial welfare and consumer surplus change if additional
equilibrium of the investment-price game if bandwidth is assign as unlicensed spectrum.
P(z) < A% (C1) Tp find the opt.imal .solution, one negds to optimize_t'he
social welfare defined in (4). The following lemma specifies
Theorem 1: Suppose Condition C1 is satisfied. Then tha property of the socially optimal solution
investment-price game has a subgame-perfect equilibriomm, Lemma 4: There is a single SP in the socially optimal
which exactly one SP is active with the monopoly investmesblution.
and monopoly price. Intuitively, this is because the marginal congestion gdst
Generally, we observe that the condition in (C1) requirés a function of the total customer mass and pooling the
that the curvature ofj(-) is “small enough” relative to that investment and allocating it to a single SP yields the mimmu
of P(-)’s. Fig. 1 shows an example. Initially, consid&(x) marginal congestion cost. Formally, Lemma 4 can be proved
and g(x/Iy;) as shown in solid lines, wheré,; and the by showing any solution involving more than one SP can not
correspondingA’¥ is given by Lemma 1. There is no purebe a local optima to the social welfare maximization problem



By Lemma 4, the socially optimal problem becomes Finally, since both consumer surplus and monopoly’s profit
z " (producer surplus) are non-decreasing i social welfare
max / P(q)dg — (zg(7) +cl) stz I=0. (PO) mustalso be non-decreasing th [
v Jo The result in Theorem 2 is different from that in [2] which
For concave and decreasimg(-), the monopoly solution showed that social welfare may decrease Bnfor many
is obviously suboptimal in terms of social welfare. Thushoices of demand and congestion functions. Note that this
we focus on comparing the investment and customer masgegjue to two major differences between the model in this
between the monopoly scenario and the socially optimghper and that in [2]. First, the model in [2] assumes that
solution. any investment cost is already sunk for each SP. Second,
Proposition 1: Suppose Assumption 1 holds. L&t and our model here does not include incumbent SPs who have
I* be the monopoly’s investment and the socially optim@|roprietary spectrum in the market. We conjecture that both

investment, respectively. Let" andz* be the corresponding of these differences are needed to get decreasing welfare an
customer masses. Theii > I andz* > 2. consumer surplus.

Proof: Comparing P,; to Po, one can see that both ob-
jectives have the same cost terms (congestion plus investme ) i ) _
cost), which can be written as\ (/1) as in Section III-A. As In this paper we studied a model of investment and price

a result, the objective of Po becomﬁfsP(q)dq—xAjj and the competiti_on in unIicens_ed spectrum With_ congestion effect

optimal z* must satisfyP(z*) = A*. Similarly, the objective By studying a.sequentllgl game formulat!on, we showe.d that

of P'; becomedI = zP(z) —zA? and the optimak™ must the only_posm_ble equilibria are for_a single monopo_llst 'Fo

satisfy P(z™) + 2M P'(zM) = A*. Since P'(z) < 0 for all emerge in sp|te_ of the lower barrlers_ to entry, WhICh is

2 > 0, we conclude that* > 2™ andI* > IM follows equivalent to assigning the spectrum as licensed. Thisestgg

since 2" — =¥ — ¢ - - m that simply opening spectrum may not lead to significant
A increase in competition.

V. CONCLUSION
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