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The authors focus on
the economical per-
spective of Wi-Fi 2.0
and discuss various
aspects in profit
management of the
Wii 2.0 WSPs. In
particular, they
consider profit-maxi-
mizing optimal
strategies in terms
of customer
admission/eviction
control and
inter-WSP market
compefifion.

UNDERSTANDING WI-FI 2.0:
FROM THE ECONOMICAL PERSPECTIVE OF
WIRELESS SERVICE PROVIDERS

ABSTRACT

Wi-Fi 2.0 refers to Wi-Fi-like Internet access
operating on whitespaces in the licensed spec-
trum using cognitive radio technology. Wi-Fi 2.0
is expected to provide better performance and
larger coverage than today’s Wi-Fi, thanks to the
good propagation characteristics of the legacy
spectrum such as TV bands. Wi-Fi 2.0 is mod-
eled as a network consisting of an access point
(called CR hotspot) and end-user terminals (CR
devices) operated by a CR wireless service
provider. In this article we focus on the econom-
ical perspective of Wi-Fi 2.0 and discuss various
aspects in profit management of Wi-Fi 2.0 WSPs.
In particular, we consider profit-maximizing
optimal strategies in terms of customer admis-
sion/eviction control and inter-WSP market com-
petition. We first show that Wi-Fi 2.0 operates
on time-varying spectrum availability due to the
ON-OFF channel usage of legacy users, and
advocate the necessity of customer eviction con-
trol upon appearance of legacy users. We also
identify two types of WSP-WSP market competi-
tion in leasing the limited spectrum resources
from the licensees and in enticing end customers
with a competitive price. Then we enumerate the
key factors affecting the profit of collocated
WSPs, such as channel leasing cost, service tariff,
QoS provisioning, and coexistence with legacy
services. By examining Wi-Fi 2.0 from an eco-
nomic point of view, we show its commercial
value in developing next-generation CR applica-
tions that benefit both legacy and CR users.

INTRODUCTION

Dynamic spectrum access (DSA) paves a new
way to solve the spectrum-scarcity problem
caused by conventional command-and-control
spectrum allocation. DSA enhances the efficien-
cy in spectrum utilization of the legacy spectrum
by allowing unlicensed secondary users (SUs) to
opportunistically utilize the whitespaces (WS) in
the licensed spectrum, which are temporarily left
unused by licensed primary users (PUs). Such an
approach has been made possible by the advent
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of cognitive radio (CR) technology, which
enables adaptation to and awareness of time-
varying wireless environments.

In 2008 the FCC released a new ruling on the
allowance of the unlicensed access to the TV
WS using fixed and personal/portable devices
[1]. According to [1], the fixed devices may oper-
ate at up to 4 W of power, making them suitable
for use in rural areas with large coverage. One
example of such usage is found in IEEE 802.22,
Wireless Regional Area Network (WRAN), the
first international DSA standard designed for
the last-mile access in rural areas. On the other
hand, the personal/portable devices can operate
at up to 100 mW of power targeting urban areas,
which opens up the possibility of providing the
Wi-Fi-like Internet access on the WS, often
referred to as Wi-Fi 2.0 [2]. Wi-Fi 2.0 is consid-
ered as a next-generation framework to enhance
today’s Wi-Fi by providing much higher speed
and larger coverage, thanks to better propaga-
tion characteristics of the WS (e.g., TV bands)
than in the industrial, scientific, and medical
(ISM) bands [3].

Wi-Fi 2.0 can be modeled as a network con-
sisting of a CR-enabled access point (called CR
hotspot) and multiple associated CR devices as
end terminals, akin to traditional Wi-Fi hotspots.
Each CR hotspot is owned by a CR wireless ser-
vice provider (WSP) who opportunistically uti-
lizes the licensed spectrum to provide Internet
access to the CR customers. Similar to Wi-Fi
hotspots, Wi-Fi 2.0 can offer wireless services at
popular public sites like coffee shops, stadiums,
libraries, and airports.

THE SCOPE OF THE ARTICLE

The idea of Wi-Fi 2.0 is still in its infancy and
has been discussed in the literature only in a lim-
ited form. For example, the potential of WS for
enhancing Wi-Fi has been identified in [3, 4]
(e.g., its ability to create a network through
building walls). In [2], Deb et al. proposed design
rules and the architecture of Wi-Fi 2.0. Bahl et
al. [5] also proposed WhiteFi, the first Wi-Fi-like
system operating on TV WS.

In this article we focus on the economic
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We envision

WiFi 2.0 as a
realization of private
commons, in the
form of the three-tier
dynamic spectrum
market (DSM). The
DSM consists of
three interacting
network entities:

a spectrum broker,
wireless service
providers, and end-
customers equipped
with CR devices.

Tier 1 Tier 2

&

Licensed spectrum

Spectrum
auction

Spectrum broker
(auctioneer)

(CR hotspots)

* Periodic (e.g., hourly)
¢ Temporal transfer of
spectrum usage rights

Wireless service providers

Spectrum
subleasing

End customers
(CR devices)

* Short-term contract
(e.g., by sessions)

Figure 1. The Wi-Fi 2.0 model in terms of the DSM.

aspects of Wi-Fi 2.0 and propose possible service
models and profit management schemes for CR
WSPs. Identifying the economic value of Wi-Fi
2.0 is of significant importance to the integration
of DSA into the legacy spectrum by providing a
strong motivation to adopt CR technology and
to create new CR markets and applications.
Specifically, we address the mechanisms neces-
sary for profit maximization of WSPs who charge
end customers for their service, with which the
WSPs can develop an efficient strategy to utilize
the leased spectrum for enticing more customers.

We first identify a single WSP’s optimal
resource allocation strategy in terms of user
admission and eviction policies. The admission
policy decides whether to admit or reject a cer-
tain newly arriving user, which is one of the clas-
sical subjects in network-based market models.
The eviction policy, however, is a new type of
control essential for Wi-Fi 2.0 that determines
which of in-service users to evict from the net-
work at the appearance of PUs (who own higher
priority in channel access) in a licensed channel.
If each evicted user is compensated with partial
reimbursement, the optimal choice of customers
to evict becomes an important factor in the
WSP’s profit maximization.

We also consider two types of competition
between collocated WSPs, in spectrum leasing
from the licensees and in customer enticement
at CR hotspots. In particular, we identify the key
factors affecting their profit such as channel
leasing cost, service tariff, customer satisfaction
and quality of service (QoS), and coexistence
with the legacy services.

Wi-F1 2.0 NETWORK MODEL

In this section we first introduce DSA spectrum
sharing models and describe the architecture of
Wi-Fi 2.0 in the context of such models.

DSA SPECTRUM-SHARING MODELS

DSA has introduced new spectrum-sharing mod-
els, such as dynamic exclusive use, shared use, and
private commons [6], to achieve better efficiency
in spectrum utilization. In the dynamic exclusive
use model a licensee can temporarily transfer its
spectrum usage rights to CR users (called spec-
trum leasing) via the secondary market, but the
service to be used by the CR users is still restrict-

ed to the same type as the licensee. Next, in the
shared use model CR users can freely access WS
without any grants from the licensees as long as
they do not cause any harmful interference.
Lastly, the private commons model enables more
flexible integration of CR devices into the
licensed bands based on real-time spectrum leas-
ing at the discretion of licensees who can set
their own rules on how their spectrum is used by
CR users.

Among the three models, the private com-
mons model is believed to be a viable market
option that benefits both licensees and CR users
[6], since the licensees can make extra profit via
spectrum leasing, and the CR users are given
full flexibility in utilizing the WS. Unlike private
commons, dynamic exclusive use regulates the
type of service for opportunistic access and does
not support real-time spectrum leasing. More-
over, shared use does not provide any monetary
reward to the licensees for the risk of harmful
interference from CR users.

We envision Wi-Fi 2.0 as a realization of pri-
vate commons, in the form of the three-tier
dynamic spectrum market (DSM) shown in Fig. 1.
The DSM consists of three interacting network
entities: a spectrum broker (SB), wireless service
providers (WSPs), and end customers equipped
with CR devices. In the DSM, the licensed spec-
trum is periodically auctioned off by the SB,
which is either the regulatory authorities (e.g.,
FCC and Ofcom) or an authorized third party.
The WSPs bid for the auctioned items (i.e., spec-
trum bands), and the winning bidder of each
item is given a temporal right to reuse the leased
channel until the current leasing term expires.
Each WSP operates its own CR hotspots by uti-
lizing its leased channels, and charges the end
customers (i.e., CR devices) a service fee for Wi-
Fi-like Internet access.

PREEMPTIBLE SPECTRUM LEASING

We model a channel (or spectrum band) as an
ON/OFF alternating source [7, 8], where an ON
(or OFF) period represents the duration with (or
without) PUs’ signal activities. Hence, spectrum
opportunities are considered to reside in the
OFF periods. The transitions between ON and
OFF states are detected by spectrum sensing,
which is not the focus of this article (we thus
assume a proper sensing mechanism is provided).
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Given such a channel model, we consider pre-
emptible spectrum leasing [9] as an efficient spec-
trum sharing mechanism between PUs and SUs,
which is one possible realization of the private
commons. In this model the licensees temporari-
ly lease their channels to SUs via the periodic
spectrum auction and generate additional rev-
enue by charging the SUs for opportunistic use.
The SUs are allowed to use the leased channels
only when they are temporarily unoccupied by
the PUs (i.e., the PUs are given priority over the
SUs). In other words, the PUs can preempt SUS’
opportunistic channel usage during ON periods.

TECHNICAL CHALLENGES IN Wi-F1 2.0

In Wi-Fi 2.0 networks, we face new (previously
unseen) challenges due to the PUs’ channel
usage patterns and the market competition
between WSPs. In this section we briefly intro-
duce such challenges, which are detailed later.

TIME-VARYING SPECTRUM RESOURCES

In the preemptible spectrum leasing model, the
amount of leased spectrum available for use
varies with time due to the ON-OFF channel pat-
terns. For example, with M leased channels
assuming homogeneous channel capacity of C,
the WSP’s instantaneous capacity becomes m - C
where m € [0,M] is the number of idle channels
(i.e., channels in their OFF states) at the moment.
Hence, the leased channels can be considered as
one logical channel with time-varying capacity m -
C bandwidth units, as shown in Fig. 2.

The time-varying spectrum resources intro-
duce a new challenge to the WSP. When a leased
channel is idle, the channel can be assigned to
the CR users admitted to the service. Unlike in
the traditional Wi-Fi service, however, the chan-
nel may become busy upon the PUs’ return to it.
In such a case, the customers previously assigned
to the channel must be relocated to other idle
channels, called channel vacation. However, it is
possible that the remaining idle channels may
not be able to support the total spectrum
demands of the in-service customers, and the
WSP must then make one of the following two
choices. First, it may degrade QoS of the in-ser-
vice customers so that the total spectrum
demands may be reduced to fit the remaining
idle channels. Second, the WSP may perform
customer eviction, which expels a certain number
of customers from the service so that the surviv-
ing customers may still receive full service.

Eviction control is a new requirement for Wi-
Fi 2.0 to determine which in-service customers
to evict upon appearance of PUs. If the evicted
customers are compensated for the premature
termination of their service with a partial reim-
bursement of their service charge, an optimal
eviction control becomes necessary for the man-
agement of WSPs’ profit while achieving a cer-
tain level of customer satisfaction. The next
section details the issue of eviction control.

PROFIT MANAGEMENT: AUCTION VS. SERVICE

To maximize a WSP’s profit, two types of mar-
ket competition need to be considered between
collocated WSPs: channel leasing competition at
the periodic auction and customer enticement

OFF

ON

OFF ———

ON ———|__!
OFF ———I
3 0
Number of \
available

; !
channels: : i 0
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0

Figure 2. Preemptible spectrum leasing: when there are three leased channels.

competition at the CR hotspots. In the auction
market a WSP has to pay the channel leasing
cost to the licensees for the channels it won
through the bidding process. The leasing cost
function is often assumed to be non-decreasing
with the number of the leased channels (i.e., M)
[10], since the winning bid should increase faster
than proportionally to M when WSPs are com-
peting for limited spectrum resources. This
implies that a WSP should not lease more than
required to avoid exponential increase of leasing
cost for spare channels.

In the CR hotspots we can consider a multi-
class service where customers are grouped into
one of K QoS classes. In such a model a class-k
CR customer has a spectrum demand of By, unit-
bandwidth and pays a service fee of p; per unit-
time per unit-bandwidth. Then the service tariff
must be carefully determined by considering a
price-dependent arrival rate, Ag(py), which is
non-increasing with p; because customers are
likely to choose a WSP offering a lower price.

In summary, each WSP deals with the cost
incurred by channel leasing and the revenue
coming from end customers. Since both factors
depend on the degree of competition between
the collocated WSPs, profit maximization should
model such interactions by using a proper
method such as game theory. The issues related
to the market competition are discussed further
in a later section.

USER FLow CONTROL:
SINGLE WSP’S PERSPECTIVE

The profit maximization at a CR hotspot poses a
unique challenge due to the time-varying chan-
nel availability that necessitates joint user admis-
sion and eviction control. The admission control
determines whether a class k customer should be
admitted to the system on its arrival, and the
eviction control determines which in-service
users should be evicted from the system to fit
the currently available spectrum resource.

The optimal user flow control strategy at a
WSP can be derived for any given tariff by mod-
eling the system as a semi-markov decision pro-
cess (SMDP). The SMDP is a useful tool when
we have stochastic network events and control
epochs such as Poisson user arrivals/departures
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Figure 3. The state transition diagram of optimal user control, according to the

customer arrivals (when there are two idle channels).

and exponential ON/OFF periods. In the SMDP
an action is taken at each decision epoch, which
is either at arrival or departure of a customer or
at a channel’s state transition between ON and
OFF states.

The SMDP problem is formulated by defin-
ing its system state and possible actions. First,
the system state can be defined as

T
n=(n1,n2,...,nK)
s=(n,w), s

T
w=(wl,w2,...,wM)

where n; is the number of in-service class k cus-
tomers and w; € {0, 1} is the channel state (0/1
implies OFF/ON). In addition, the action for
admission and eviction control can be defined as

T
a=(a1,a2,...,aK)
a=(a,b), s

b= (bbb )

where a; € {0, 1} is the admission policy for
future class k customer arrivals (0/1 means
reject/admit) and by is the number of class k in-
service customers to be evicted at the time of
channel vacation.

When an action a is taken at state s, the
profit is given as {rg(a) — c5(a)}, where ry(a)
denotes the expected revenue generated by the
service charges on the customers, and cg(a)
denotes the expected reimbursement cost paid
to the evicted customers, both measured between
two consecutive decision epochs. Here, the rev-
enue is a collection of service charges from all
in-service customers, where each customer pays
PpiBy per unit-time. In addition, the reimburse-
ment cost is a collection of reimbursement given
to each evicted customer.

Then, an optimal action for each state can be
determined to maximize the average profit of a
WSP, by analyzing the SMDP using one of the
three possible methods: policy iteration, value
iteration, and linear programming (LP) [11]. In
particular, the LP-based method is very useful to
derive the optimal actions under QoS constraints

by including additional equality and inequality
conditions. For example, two QoS constraints
can be considered: the probability of blocking
class k arrivals (P,’f) via rejection control, and the
probabilitX of dropping class k in-service cus-
tomers (PJ) via eviction control. LP formation
with such QoS constraints was introduced in [9].
Figure 3 illustrates an example of the optimal
admission policy derived for a sample scenario
with three leased channels (each with capacity C
= 5) and two customer classes where (By, B;) =
(1, 2). It can be seen that when there are two
idle channels, certain arrivals are deliberately
rejected (shaded regions) even if there is room.
Moreover, the rejection patterns differ from the
well-known threshold-type behavior that has
been found optimal in the traditional network
having time-invariant spectrum availability.

TRADEOFF BETWEEN Q0S CONSTRAINTS

In general, there is a trade-off between P,f and Pf:
for a given number of leased channels, one should
sacrifice one of the two QoS metrics to enhance
the other. For example, when rejecting fewer
arrivals (i.e., smaller P[f), a WSP should evict
more customers at channel vacation due to the
higher population in the service. On the contrary,
when admitting fewer customers (i.e., larger P,f),
the WSP can evict fewer customers due to the
smaller spectrum demands. Therefore, to enhance
both QoS metrics, one should lease more channels
at the cost of a higher channel leasing price. This
introduces a possibility of extending the user con-
trol problem to the context of WSP-WSP competi-
tion, which is still an open issue.

PRIORITIZED USER CONTROL

A WSP may need to provide a prioritized service
where different priority is given to user classes.
In such a scenario an arriving customer can
forcefully evict lower-priority in-service users to
make room for the new customer. On the other
hand, channel vacation evicts lower-priority in-
service customers first to guarantee better ser-
vice quality for higher-priority users.

This type of service will enhance today’s Wi-
Fi service such that customers with less critical
tasks (e.g., web surfing) are grouped into a low-
priority class while customers with mission-criti-
cal or spectrum-demanding tasks (e.g., video
streaming) are grouped into a high-priority class.
Moreover, WSPs can offer multiple price levels
(e.g., gold, silver, and bronze) so that customers
in the higher price group can be given higher
priority and better QoS guarantees.

MARKET COMPETITION:
THE COLLOCATED WSPS’ PERSPECTIVE

The previous section has shown how a certain
WSP can maximize its profit via optimal user
flow control if other factors in the market are
given a priori. However, in the presence of collo-
cated WSPs, the profit maximization problem
becomes more complex due to their interactions.
Specifically, the price and QoS strategies of a
WSP will determine how many customers it can
entice (in competition with other WSPs) to
enhance its profit.
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It is expected that the Wi-Fi 2.0 market may
experience more competition than traditional
services for several reasons. First, due to the
large coverage of Wi-Fi 2.0 APs, there will be
more collocated WSPs creating a more competi-
tive environment. Second, thanks to the flexible
design of CR devices, CR customers are able to
dynamically choose whatever wireless services
are available, thus making the WSP-customer
relationship volatile. This implies that CR WSPs
compete not only with each other, but also with
legacy services like Wi-Fi, WiMAX, and third-
/fourth -generation (3G/4G) networks.

In this section, we identify and discuss the
key factors contributing to the degree of market
competition between collocated WSPs, including
channel leasing cost, service tariff, QoS provi-
sioning, and PU-SU coexistence.

CHANNEL LEASING COST

In the auction market, collocated WSPs compete
for a limited amount of spectrum bands to lease.
Such market competition has been modeled well
by the following channel leasing cost function
[10]:

L=y (Ci+ Cai)yp, 11 > 0,722 1,

where C; implies the amount of spectrum WSP i
seeks to lease, and C-; is the cumulative spec-
trum demand from the competitors of WSP i.
Then WSP i’s channel leasing cost becomes C; -
[, while / is a function of the total spectrum
demand in the auction market (i.e., C; + C.).
Therefore, WSP i should consider the spectrum
demand from its competitors as well, which can
be dealt with by game theory.

There have been numerous attempts to ana-
lyze such competition with game-theoretic
approaches [10, 12, 13], all of which are limited
to time-invariant spectrum availability. There-
fore, an enhanced analysis is desired to incorpo-
rate a time-varying spectrum availability model
in Wi-Fi 2.0 with inter-WSP dependency in spec-
trum leasing.

SERVICE TARIFF

One of the important factors a WSP should con-
sider to maximize its profit is its pricing strategy.
Figure 4 illustrates the relationship between collo-
cated WSPs in terms of the price-dependent
arrival rates, where class k customers arrive as a
bulk at the rate of A; and choose their own service
provider independently. According to the user
preference, the arrivals are split into rates Xlk and
A2 such that ;= A} + 2. At one extreme, either
of two rates may become arbitrarily small if its
WSP is offering a higher price. On the other hand,
when a WSP rejects an arrival, the user may
choose its competitor to receive a service. Hence,
there exists a trade-off: a lower price attracts more
customer arrivals while less revenue per customer
is achieved; a higher price limits customer arrivals
but yields higher per-customer revenue.

To show the price-profit relationship, we pre-
sent an illustrative example for M = 3 and K =
2 where the service tariff for two user classes
varies as 0.5 < pq, pp < 3.5. In addition, the arrival
rate is assumed as M(px) = A e Pk to model
the WSP-WSP price competition, where A" is
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Figure 4. The market dynamics between collocated WSPs.

the maximum customer population at a given

location. Figure 5 plots the resulting profit g* of

a WSP, showing that the profit function becomes

concave for two reasons:

* As py gets smaller, the profit decreases because
the user arrival rate is upper bounded by A",

* As py gets larger, the profit k decreases due to
the exponential decrease of user arrivals
according to ePk.

CUSTOMER SATISFACTION AND
QoS PROVISIONING

The user QoS satisfaction also affects the WSP’s
profit, which is described in terms of several fac-
tors, such as the probability of blocking and
dropping, QoS degradation, and the amount of
reimbursement in case of eviction. First, smaller
Pbk and Pé‘ offer better user QoS, enticing more
customers. Hence, a WSP should strike a bal-
ance between its tariff and QoS provisioning
since better QoS can be achieved by leasing
more channels, which in turn incurs higher chan-
nel leasing cost. Second, user eviction may be
replaced by QoS degradation of in-service cus-
tomers, suppressing user eviction only to the
case when there remains no idle channel. How-
ever, QoS degradation also affects customer sat-
isfaction, especially of users with
resource-demanding jobs, which eventually
impairs the WSP’s reputation. Therefore, the
rate and frequency of QoS degradation must be
controlled within an acceptable range that would
not cause reduced customer arrivals by harming
the reputation. Finally, although larger reim-
bursement may entice more customers, such
reimbursement cannot offset the dissatisfaction
of evicted customers with critical tasks. Hence,
the WSP offering a more sophisticated eviction
policy will have an advantage, such as differenti-
ating job-critical users from mundane users via
the prioritized control introduced earlier.

COEXISTENCE WITH LEGACY SERVICES

Although collocated WSPs are competing with
each other, they also need to cooperate as a
team to make the Wi-Fi 2.0 market more attrac-
tive to customers than competing legacy ser-
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Figure 5. Optimal profit with various end-user pricing.

vices. This is because CR devices have agility to
configure themselves as legacy terminals as well
as Wi-Fi 2.0 clients, choosing the service that
best serves their need. Therefore, the overall
Wi-Fi 2.0 network must appeal to customers as
a cheaper-but-quality service to increase the
number of customers visiting the CR networks.
Examples of inter-WSP cooperation include
setting the price cap, forming a coalition
between neighboring WSPs, and sharing spec-
trum sensor networks to reduce the sensing
overhead. In a similar vein, Aram et al. [14]
introduced cooperative profit sharing between
WSPs collocated through multihop routes, and
have shown that resource pooling of spectrum
and access points can potentially increase their
aggregate payoffs.

CONCLUSION

In this article we have discussed research chal-
lenges in the Wi-Fi 2.0 network from the CR
WSPs’ perspective. We first introduced an effi-
cient and practical spectrum reuse model that
benefits both PUs and SUs, and then considered
the WSP’s profit maximization problem in terms
of the customer admission/eviction control and
inter-WSP market competition. Via a compre-
hensive overview of Wi-Fi 2.0 from its economic
point of view, the practical value of Wi-Fi 2.0 is
presented to motivate active integration of DSA
into the legacy spectrum.
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