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ABSTRACT

Until recently, the proponents of spectrum
commons and the proponents of spectrum prop-
erty rights had settled, like the armies of the
Marne, into their entrenched positions, emerg-
ing only to launch periodic and unproductive
attacks across a semantic and philosophical no
man®s land. Recently, however, there have been
calls to move beyond these entrenched positions,
by developing pragmatic models and solutions
that capture some of the benefits of each philo
sophical position. In this article we cautiously
enter that no manOs land with two illustrative
dynamic spectrum access models. While both of
our models retain a bias toward usage of spec-
trum resources based on a spectrum property
rights approach, they also promote dynamic
access and short-term dedication of spectrum
resources. We call these models dynamic prop-
erty rights spectrum access (D-Pass) and dynam-
ic commons property rights spectrum access
(D-CPass). In this work we focus primarily on
engineering issues, proposing the use of a spec-
trum policy server as a clearinghouse and speci
fying the spectrum access mechanisms relevant
to each model. To demonstrate the useful stud-
ies enabled through these models, we present
illustrative results via the bandwidth utilization
achieved under each model. Our results indicate
that both the spectrum access mechanism and
market forces will play important roles in deter-
mining the resulting bandwidth utilization.

THE SPECTRUM DEBATE

Efficient regimes for spectrum management
have been a research focus since the earliest
days of radio communications, but the mix of
technologists, lawyers, and economists that has
emerged in recent years has produced a new and
lively debate. Unfortunately, the different
between August 31 and September 1, 2004 in
New York City, only about 13 percent of the not many technical constraints. The spec
spectrum opportunities were utilized [1]. In  trum commons approach, on the other hand,
addition to the static nature of such spectrum advocates that spectrum should be considered
allocations, the inherent political and nonpoliti-
cal inefficiencies of government controllers also
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Another encouraging
development is the
agreement by some
parties from both
sides that the two
models are not polar
opposites, and there
may be governance
regimes that support
both exclusivity of
property rights and
the dynamic nature
of shared managed
access to a spectrum
commons.

w , shared by all communicating
parties, based on predefined but minimal rules
or standards.

The spectrum property rights approach is
motivated by the landmark work of R. H. Coase
[4], in which it is suggested that spectrum can be
treated like land, and private ownership of spec
trum is viable. The proponents of spectrum own
ership believe that the spectrum should be
allocated to the prospective spectrum holders
through market forces. The spectrum holders
would then have exclusive use of the spectrum
portion they possess, without the potential of
harmful interference from other parties. Alter-
natively, they would be able to their spec-
trum in a secondary market. The use of spectrum
would be , in that the authorized party
could use the spectrum portion for any purpose.
Thus, the focus in this approach is on transfer-
ring ownership of the spectrum from the govern-
ment to private parties and substituting market
forces for traditional spectrum regulation, over-
coming two sources of inefficiency in the status
quo regime. The common view is that since the
1990s the FCC has chosen a partial implementa-
tion of this approach by employing spectrum
auctions as a means of licensing.

The spectrum commons approach, encour-
aged by the unlicensed spectrum band experi-
ments, argues that as w evolve,
communicating devices will become able to
avoid interference through mutual cooperation
and coexistence, and the spectrum will become

. The emergence of cognitive and soft-
ware defined radio concepts, multiple antenna
and multicarrier techniques, as well as ultra
wideband (UWB) technologies and mesh net-
work topologies provide a w
that proponents of this approach use to support
their arguments. Communicating devices will be
able to efficiently share a specified spectrum
band through the enforcement of technical
restrictions and multiple access protocols, with-
out requiring exclusive access or private owner-
ship. The analogy often articulated is that of a
highway, which the motorists treat as a common
property and can efficiently share as long as they
abide by the traffic rules. The highway analogy
also illustrates that in spite of all the smart radio
technologies, there is still a need for a controller
or enforcer. Thus, even the commons regime is a
form of lightly controlled shared access [2].

Even though the generic descriptions of the
two proposals seem clear, the lack of precise
modeling creates many unanswered questions
regarding the details of implementation. The
exact nature of the controller or enforcer mech-
anisms in both models are but vaguely defined.
The governmentOs role in managing controlled
access in a spectrum commons regime is not
clear. This lack of clarity also pervades the many
issues related to transferability and duration of
transmission rights, transactions costs, and the
specific mechanisms involved in allocating the
spectrum when needed. It is not clear, for exam-
ple, how often transmission rights are anticipat-
ed to change hands in a spectrum property rights
model.

The ensuing gaps in the definitions, coupled
with the inconsistent terminologies employed by

the participating researchers, leads to confusion
and miscommunication. A striking example
would be the ww pointed out in
[2], which refers to the apparent confusion
between the terms open access regime and spec-
trum commons, particularly as encountered in
the engineering communities. Open access
regime, considered by some to be yet another
alternative to the existing proposals for gover
nance models, refers to a scheme where the
spectrum is , and access to spectrum is
open to all with no limits or control at all. Thus,

it is not the same as a spectrum commons. This
confusion can partly be seen in discussions
regarding the work of Noam [5], in which he
proposes an w scheme in which tempe
rary (exclusive) spectrum access is granted to
parties through congestion-based pricing. This
work is often cited among those in favor of the
spectrum commons approach, whereas many
others argue that this approach cannot be classi-
fied under either the open access or spectrum
commons model, and could in fact be considered
a form of exclusive usage [6].

This lack of specific models involving the
spectrum access/allocation and transaction tech-
niques has led to vague and lengthy discussions
that have not resolved the opposing views of
these camps. The supporters of spectrum com-
mons refer to the risk of monopolization and
holdup, emphasizing that spectrum access should
not be limited to those who can pay. Those who
side with the property rights camp emphasize
the risk referred to as the ww ,
which predicts overuse and exploitation of com-
mon resources [7]. Political and philosophical
arguments that relate to freedom of speech and
the first amendment also find their place in this
ongoing battle. Thus, what started as a technical
challenge related to avoiding spectrum scarcity
has turned into a passionate debate with political
and philosophical overtones, and no clear path
toward resolution. On the positive side, there
have been recent calls (e.g., in [3, 7]) for the cre-
ation of specific spectrum access and manage-
ment models for the above mentioned
governance regimes, and detailed schemes and
investigative tools that would permit both techni-
cal and political/philosophical comparisons of all
such approaches.

Another encouraging development is the
agreement by some parties from both sides that
the two models are not polar opposites, and
there may be governance regimes that support
both exclusivity of property rights and the
dynamic nature of shared managed access to a
spectrum commons. Some hybrid schemes have

been proposed, including w and
w W W w . ,
w is a regulatory scheme that con

tains bands dedicated for spectrum property
rights governance along with other spectrum
portions allocated for commons [7]. In property
rights with noninterfering easement, the owner
of any given spectrum portion (primary user) is
supposed to permit secondary users to communi-
cate in that band as long as they do not interfere
with the transmissions of the primary user [7].

In this article we present two simple but real-
istic exemplifier models for specifying spectrum
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weighted by its acceptance probability. Figure 3
illustrates this iterative optimization process.

D-PASS MODEL

In this model portions of the available spectrum

are allocated to each operator. Given an allo-
cation vector =[ 1 JE ] forthe oper-
ators as a result of the SPS maximizing the
expected bandwidth utilization, operators com
pete simultaneously for users with rate and
price offers (vectors). While making their vectoral
offers, the operators are constrained not to exceed
the bandwidth allocated to each, and try to maxi-
mize their expected profit and get each user to
accept their service with the highest probability.
The underlying operator competition results in an
iterative bidding process reminiscent of a simulta
neous ascending auction [13] where the bidding
process is finalized when there are no new rate
and price offers for any of the users (Fig. 4a). A
detailed discussion of this mechanism and rele-
vant implementation issues can be found in [9].
The SPS charges the operators for the amount of
spectrum they are allocated, regardless of the
extent of actual utilization. Each operator reserves
the right to reject the bandwidth allocated to it at
the beginning of the competition period (if it
anticipates non-positive profit), thus staying out
of operation in the short term.

Under this model, the expected profit for an
operator is the sum of profits from all users it
serves and is given as
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where is the user index for the users for which
the specified operator is in a winning position,

is the amount of bandwidth owned by the
operator, 'is the number of users for which the
operator outbids all other operators, and the
other parameters are as defined before. [units]
is the fixed operational cost incurred by the
operator while serving any user; [units/Hz] is
the price per unit bandwidth the SPS charges
operator .

It is important to note the difference between
the fixed operational cost and W fre-
quently encountered in pricing literature. The
sunk cost refers to the type of cost incurred
whether the service is provided or not. The fixed
operational cost, on the other hand, is incurred
only if the service is provided and does not
depend on the quality of service. In the above for-
mulation the sunk costs are not included; howev-
er, it is algebraically straightforward to show that
inclusion of the sunk cost will result in similar
expressions for the profit as given in Eqg. 2.

D-CPASS MODEL

In this model the SPS partitions the total avail-
able spectrum into  nonoverlapping por-

tions where is the number of users in the
system. Given an allocation vector =

[ 1 2E ] chosen by the SPS to maximize
the expected bandwidth utilization, operators
compete for each user independently through an
iterative bidding process where they make rate
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and price offers to get each user to accept their
service with the highest probability while also
maximizing their expected profit. This process
(Fig. 4b) is reminiscent of a single-item ascend
ing bid auction [13] where the bidding process
for any user is finalized when all but one of the
operators is unable to make any rate and price
offers with a higher acceptance probability while
still achieving a non-negative profit [8]. During
the competition phase, each operator competing
for a specific user is subject to the constraint
that it may not make rate offers that require
bandwidths greater than the bandwidth allocated
for the user in the allocation vector . The SPS
charges the operators only for the exact amount
of spectrum they use.

For each operator , the expected profit to be
achieved by serving any specified userthrough
service offer ( [b/s], = [units]) is defined as

O )
= (., )0, B b x 1)),
{L.E, } ®)

where  [b/s/Hz] is the spectrum efficiency
operator enjoys while serving the specified
user. The lastterm x /  denotes the
usage-based variable cost for the operator.

MODEL EVALUATIONS

For the purpose of illustration, we present
numerical results that correspond to a simple
linear geographical region with = 2 operators
and =5 users. The system and access point
(AP) locations are depicted in Fig. 5, where an
instantiation of the five user locations is shown.
We assume that both operators use the same
technology and have one AP each in the serving
area of interest.

Note that the fixed operational cost for
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