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INTRODUCTION

The continued growth of wireless networks and
services depends on the availability of adequate
spectrum resources. Accelerating demand for
those resources, due to the popularity of portable
data- intensive wireless devices, are testing the
limits of current commercial wireless networks,
underscoring the need for changes in current
spectrum allocations. This has prompted the
Federal Communications Commission (FCC) in
the United States to consider ways to increase
the supply of spectrum allocated to broadband
access and to introduce techniques for improving
the utilization of existing allocations [1, Ch. 5].

Spectrum allocations generally fall into one
of two categories: a licensed allocation gives
exclusive use rights to the licensee, whereas an
unlicensed allocation corresponds to the com-
mons model in which the band can be shared by
different applications and service providers [2].
Licensed spectrum typically carries restrictions
on how it can be used, and is generally not trans-
ferable. Although these restrictions have been

alleviated to some extent by the introduction of
secondary spectrum markets [3], existing rules
still inhibit the reallocation of spectrum to more
efficient uses.

In contrast to the current command and con-
trol method for licensing spectrum, a spectrum
market is based on a notion of spectrum proper-
ty rights, which can be traded among buyers and
sellers. The potential benefits of spectrum mar-
kets for increasing the efficiency of spectrum
allocations is widely acknowledged. Thus far
related discussions have focused on secondary
markets, which allow service providers with
licensed spectrum to lease their spectrum to
other service providers. Transactions must be
filed with the FCC for approval (which are auto-
matic in some scenarios), introducing delays that
increase transaction costs [3].

Here we reconsider the spectrum allocation
problem without existing regulatory constraints.
We start by providing general motivations for
introducing spectrum markets. That is, a basic pol-
icy choice is whether to define and enforce spec-
trum property rights. From a social welfare point
of view, this choice ultimately depends on whether
spectrum is scarce, that is, if demand for it exceeds
supply when it is free. If spectrum is abundant,
then it can be made freely available (subject to
appropriate power constraints), as in the com-
mons model. If spectrum is scarce, then an alloca-
tion mechanism becomes necessary to mitigate
interference and avoid a tragedy of the commons.

To determine whether spectrum should be
viewed as a scarce resource, we estimated the
achievable rate per user assuming that spectrum
assigned to non-government services between
150 MHz and 3 GHz is available for mobile
broadband access. The calculation assumes a cel-
lular infrastructure with a fixed density of Access
Points (APs), and accounts for interference
between adjacent cells using standard large-scale
propagation models. Although the answer
depends on assumptions concerning frequency
reuse in different parts of the band, the power
constraint, and the distance of the user from the
cell boundary, we conclude that extensive spec-
trum sharing in the range considered (with a
managed infrastructure) could provide a few
mb/sec per user. While this is a relatively large
number for many types of services, it is small
enough that some distributed spectrum manage-
ment is likely to be necessary to provide for a
wide range of future services.
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It is widely recognized that the centralized
approach to spectrum management currently
used in most countries has led to highly ineffi-
cient allocations. It is also recognized that more
efficient allocations could be achieved through
spectrum markets; however, most discussions
have so far focused on secondary markets, which
are managed by licensees. Here we take a more
expansive view, and discuss some challenges and
implications of implementing extensive spectrum
markets across locations, time, and diverse sets
of applications. The discussion is motivated by
first examining the fundamental question: Is
spectrum scarce or abundant? Given that spec-
trum is indeed scarce, and that spectrum proper-
ty rights are appropriately defined, we speculate
on the emergence of a two-tier market; the
upper tier consists of spectrum owners that trade
spectrum assets analogous to land rights, and the
lower tier consists of spot markets for limited-
duration rentals of spectrum assets from owners
at particular locations. The changes such spec-
trum markets could bring to the provision of
wireless services and wireless network design are
discussed along with methods for addressing
related interference management issues.
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Spectrum markets are subsequently described
along with implications for wireless services and
networks. A challenge in creating such markets
is how to define the spectrum assets being trad-
ed. While there has been a great deal of discus-
sion about this in the legal literature [4–7], here
our emphasis is on how spectrum markets may
affect the provision of wireless services. Specifi-
cally, we speculate that the distinction between
owned and leased spectrum assets would give
rise to a two-tier market: in the upper tier spec-
trum property rights at particular locations
(APs) are traded among spectrum owners (as in
a commodities market); in the lower tier spec-
trum owners rent or lease their spectrum to ser-
vice providers at particular APs via a spot market
run by spectrum brokers. (Spectrum spot mar-
kets have been previously proposed assuming a
given supply of spectrum, e.g., assigned by a reg-
ulator [8]. A key difference here is that the sup-
ply of spectrum at the lower tier is determined
by the upper-tier spectrum market.)

An important feature of two-tier spectrum
markets is that the market for spectrum is sepa-
rated from the market for wireless services. That
would allow efficient and flexible allocation of
spectrum, while lowering entry barriers for wire-
less service providers. We conclude with a dis-
cussion of related interference management
issues, and implications for wireless system
design.

THE MOTIVATION FOR
SPECTRUM MARKETS

From an economic perspective a common objec-
tive of any resource allocation is to maximize
efficiency, meaning the total utility (summed
over all agents requesting the resource) derived
from the allocation. Determining an efficient
spectrum allocation is complicated by propaga-
tion characteristics, which can vary substantially
across frequency and locations, and variations in
application requirements (e.g., voice, Internet,
broadcast, emergency, etc.). Hence the portion
of the spectrum most suitable for a particular
application can change over location and time.
The relative value of the applications to con-
sumers can also change across locations, times,
and user groups. Moreover, the mapping of
application requirements to spectrum depends
on available technologies and their costs, which
change over time. It is well known that properly
designed markets are an effective approach for
solving these types of problems. After highlight-
ing the main problems with centralized (com-
mand and control) allocations, we compare
market solutions with other proposed methods
for making more efficient use of spectrum.

PROBLEMS WITH CENTRALIZED ALLOCATIONS
Allocations of spectrum to different applications
by government agencies, such as the FCC, are
typically static, i.e., they apply for many years.
Hence changes in traffic demands, potential
applications, user preferences, and available
technologies over time and locations have led to
inefficient use of spectrum resources. Dynamic
spectrum allocation that adapts to these varia-

tions over time-and geographic-scales of interest
is, of course, extremely difficult to accomplish
via a centralized allocation scheme due to the
overwhelming amount of information and com-
putation required.

These problems, based primarily on economic
considerations, are not unique to spectrum.
(They apply to land assets as well.) That prompt-
ed an early critique of the command and control
model for spectrum allocation, and a proposal
for spectrum property rights by the economist R.
Coase [9]. More recently, spectrum markets have
been proposed and discussed in [2, 4, 5, 10].

Inefficient spectrum use is one consequence of
the current policy. A second is that it erects
formidable entry barriers to the market for wire-
less services. This is due in part to the high degree
of complementarity among spectrum licenses. To
offer a wireless service over a broad coverage
area, a potential entrant must acquire a package
of associated spectrum licenses. If the service is
tied to a given spectrum block, then the entrant
must bid for that block across different geograph-
ic regions. Therefore, the value a provider obtains
from a license is contingent on the bundle of
licenses already owned. The resulting high cost of
spectrum combined with the high infrastructure
investment makes it difficult to enter the market
on a small scale (e.g., within a small geographic
region). Hence the current cellular market is con-
fined to service providers that can make a huge
initial investment (i.e., several billion dollars). The
limited amount of competition means that service
providers can potentially exert considerable influ-
ence over related markets (e.g., third-party hard-
ware and software). (This also creates incentives
for rent-seeking behavior [4].)

We consider instead a scenario in which spec-
trum is made available for sharing among many
different applications across a large geographic
region. Our main assumption is that the spec-
trum is partitioned into a set of spectrum assets
that can be allocated among agents (service pro-
viders) at different locations. Spectrum markets
might therefore be associated with a network of
APs, which includes the current cellular infra-
structure of base station towers. Each AP would
have a set of particular spectrum assets, which
are allocated among agents by a spectrum bro-
ker. Our main focus is on the scenario where
spectrum is used to provide network access via
these APs. Such connections could provide the
commercial wireless services available today
including voice, Internet access, and broadcast
radio/television.

SPECTRUM SENSING AND HARVESTING
In addition to the preceding criticisms of com-
mand and control allocations concerning eco-
nomic efficiency, there are also the following
engineering criticisms that pertain to spectral
efficiency (i.e., bits per second per Hz):
• Static assignments cannot exploit statistical

multiplexing of traffic across different appli-
cations over shorter time scales. Even if the
spectrum assignments are able to match
average long-term demand, there are typi-
cally large fluctuations in demand, which
lead to inefficient allocations over shorter
time periods.
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• Centralized allocations often hinder the
introduction of new technologies and ser-
vices.
The first criticism can be addressed through

the introduction of cognitive radios that seek out
and exploit (or harvest) idle bands in real-time
[11]. This is the basis for the primary/secondary
model for sharing vacant broadcast television
bands (IEEE 802.22 standard). While schemes
for harvesting idle spectrum would help to
increase the spectral efficiency associated with
particular bands, they do not address the previ-
ous issues concerned with static allocations of
large blocks of spectrum to particular applica-
tions. Also, applications supported by spectrum
harvesting are limited by the interference con-
straints with primary users of the band. Hence
without the flexibility of reallocating this spec-
trum to higher-utility applications via a market,
social costs due to inefficient allocations are still
incurred.

Ideally, spectrum sensing and harvesting
could be combined with spectrum markets. For
example, the spectrum owner or licensee could
negotiate a fixed usage fee for secondary users
subject to acceptable interference constraints.
(In contrast to the development of the IEEE
802.22 standard, interference constraints
imposed on both secondary and primary users
could vary substantially depending on the usage
fee.) That would increase spectral efficiency
while allowing markets to determine economi-
cally efficient allocations of spectrum to applica-
tions along with interference levels between
primary and secondary users.

MARKETS AND THE SPECTRUM COMMONS
The motivation for spectrum markets is predi-
cated on the assumption that spectrum is a
scarce resource. That in turn depends on propa-
gation characteristics, the transmitted power,
which determines range and interference levels,
and the nature of the traffic demands. For appli-
cations requiring short-range communications
over links spanning no more than a few meters,
there is an abundance of spectrum above 3 GHz
that can be used. Interference is unlikely to be a

major concern in these scenarios unless the den-
sity of wireless devices becomes very large.
Hence the demand for short-range applications
can be satisfied with a spectrum commons at
high frequencies.

Longer-range communications (e.g., over 50
meters) requires lower frequencies, where inter-
ference becomes problematic. There are two pri-
mary concerns with using a spectrum commons
for these types of applications. First, the propa-
gation range becomes more difficult to predict at
lower frequencies, since depending on the envi-
ronment, signals may propagate much farther in
certain directions than in other directions. This
complicates interference management, especially
without restrictions on where APs can be
deployed. (To alleviate this concern, at lower
frequencies the commons model could be com-
bined with a cellular infrastructure, which
restricts AP locations, or restricts the use of par-
ticular frequencies at certain locations. Subject
to those constraints, spectrum could otherwise
be freely available.)

The second more fundamental concern is that
as the demand for wireless services grows,
demand may eventually exceed supply, creating
excessive interference and lowering overall utili-
ty. Although the rate calculation in the next sec-
tion gives a rough indication of whether
spectrum is scarce or abundant, ultimately the
value of a particular spectrum asset can be deter-
mined only through a market. If spectrum is
truly abundant, then the prices of all spectrum
assets will fall to zero, in which case the spec-
trum market reduces to the commons model [5].
(In practice, the price may not be zero, but
rather large enough to cover any costs required
to police the spectrum for violations of power
constraints.) Of course, in general prices of spec-
trum assets should vary across frequencies and
locations according to variations in demand and
interference levels.

The preceding discussion implies that the fre-
quencies at which the spectrum market transi-
tions to a commons model can be automatically
determined by the spectrum market [12]. Name-
ly, at high enough frequencies the price of the
spectrum assets should be zero, since the propa-
gation range is highly confined, and therefore
useful only to a small number of devices.

SPECTRAL EFFICIENCY, COST, AND THE
SUPPLY CURVE

The cost of providing a wireless service includes
the cost of spectrum plus the cost of the associ-
ated devices and systems. Efficient use of spec-
trum should balance these two costs. This is
reflected in the current design of wireless equip-
ment and standards, which have been developed
under the assumption that spectrum scarcity
poses a major limitation on system capacity and
revenues. The high cost of spectrum has led to
the development of cellular standards with
sophisticated (expensive) air interfaces, which
attempt to maximize spectral efficiency.

Inexpensive spectrum, obtained through a
spectrum market, would likely motivate the
deployment of inexpensive devices and systems,
which operate at much lower spectral efficien-

Figure 1. Comparison of equilibrium spectrum price p* with the transition price
p0. For the case shown p* > p0 implies that a spectrum market is more effi-
cient than a commons model.
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cies, compared with current cellular standards.
(In addition, less expensive devices may not be
able to support as wide a range of frequencies,
further limiting the amount of spectrum that can
be effectively shared.) In economic terms this
implies that if a market is used to allocate spec-
trum, then the supply of spectrum is not inelas-
tic. (Here spectrum supply loosely refers to the
amount of services that can be provided with a
particular spectrum resource.) Even if the physi-
cal amount of spectrum available for a particular
service is fixed, the spectrum supply effectively
increases with the price since more expensive
spectrum justifies the use of more expensive
equipment that achieve higher spectral efficien-
cies. (Hence the same amount of physical spec-
trum can provide more services.)

This discussion is illustrated in Fig. 1, which
shows supply and demand for a particular (ficti-
tious) spectrum resource vs. price. (The meaning
of spectrum resource is discussed later.) The sup-
ply curve has a positive slope, and an equilibri-
um price p* is shown, which determines whether
or not the spectrum should be used as a com-
mons. If p* is sufficiently small, then the transac-
tion costs incurred from running a market exceed
the cost of interference (or loss in utility) with a
commons model. This is represented by the
boundary p = p0 in the figure. Since p* is shown
to the right of the boundary, a spectrum market
is needed to coordinate spectrum usage, whereas
if p* were instead to the left of the boundary,
the commons model would be more efficient.

IS SPECTRUM SCARCE?
We now examine the assumption that spectrum
is a scarce resource. This depends in part on reg-
ulatory and economic considerations, but is ulti-
mately a technical problem of determining if
network architectures can scale effectively as
their applications grow [13]. Here we address
this question for a specific network architecture,
namely an infrastructure of APs, which repre-
sents the primary network architecture deployed
today for commercial wireless services. (More-
over, this architecture has better scaling proper-
ties than alternatives, such as mesh networks,
given a sufficient number of APs.)

Our objective is to give a rough estimate of
what rates could be provided with more exten-
sive spectrum sharing. We therefore assume that
all spectrum between 150 MHz and 3 GHz is
pooled for commercial services, excluding spec-
trum currently assigned for military and govern-
ment use. The particular bands used in the

calculation are shown in Table 1. Note that
broadcast television bands are included in this
list. Demand for those services might be satisfied
by combining wire-line cable services with the
wireless infrastructure assumed here. (Current
broadcast services, such as television, could be
offered as multicast services over this type of cel-
lular architecture. That would make more effi-
cient use of spectrum since the signal would be
transmitted in a given cell only when someone in
the cell requests it.)

We also assume that the APs are deployed
with particular frequency reuse patterns for
interference mitigation. This should give an
optimistic indication of what rates are achiev-
able with full coordination among service pro-
viders; a relatively low rate per user indicates
that spectrum is scarce, and needs to be careful-
ly managed, whereas a very high rate indicates
that simple spectrum management schemes
(e.g., the commons model) are likely to be ade-
quate.

CELLULAR MODEL
To compute an achievable rate per user, a cellu-
lar topology with hexagonal cells is assumed over
which both APs and users are uniformly spread
with densities ρap and ρu, respectively. Each AP
serves the same number of users. Here we focus
on the achievable rate for the downlink, i.e.,
communication from the AP to each user. We
expect similar results for the uplink.

We make the following assumptions:
• The entire set of available frequencies in

Table 1 is quantized into 1 MHz pieces,
which are allocated across the APs accord-
ing to a standard frequency reuse pattern.

• Each AP transmits with uniform power
spectral density over the set of assigned
channels.

• Each AP applies Time-Division Multiple
Access (TDMA) to multiplex users within
the cell.

• Interference from neighboring cells only is
taken into account. Also, we assume that
the signal attenuation is determined accord-
ing to large-scale propagation models, and
do not account for random fluctuations
(fading).
For a particular 1 MHz channel at frequency

f, the rate for a particular user at distance d
from the AP is assumed to be the Shannon rate

(1)R d f
n

SINR d f, log ,( ) = + ( )( )1
1

Table 1. Frequencies used to calculate achievable rates.

Broadcasting TV (total: 348 MHz) 174–216 MHz, 470–608 MHz, 614–764 MHz, 776–794 MHz

Fixed, Mobile, Satellite, Amateur
(total: 669.7625 MHz)

150.8–157.0375 MHz, 157.1875–162.0125 MHz, 173.2–173.4 MHz, 450–460 MHz
764–776 MHz, 794–902 MHz, 928–932 MHz, 935–941 MHz, 944–960 MHz
1390–1395 MHz, 1427–1429 MHz, 1850–2025 MHz, 2110–2200 MHz
2300–2310 MHz, 2385–2417 MHz, 2450–2483.5 MHz, 2500–2655 MHz

The table is based on U.S. Frequency Allocation Table as of October 2003, and includes all non-Federal Government exclusive spectrum
between 150 MHz and 3 GHz. The total bandwidth shown in the table is 1.018 GHz.
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where n = ρu/ρap is the number of users per cell,
and SINR is the Signal-to-Interference-Plus-
Noise Ratio given by

(2)

Here, Pr(d, f) is the received power for a user
at distance d at frequency f, I is the set of inter-
fering APs, and Pr(di, f) is the received interfer-
ence power from the ith interfering AP.

This rate assumes optimal coding and delay-
tolerant applications and so gives an optimistic
estimate of the rate that can be obtained. (How-
ever, we ignore the possibility of using multiple
antennas and cooperative techniques to increase
the achievable rate per mobile.) In principle, we
can account for channel variations (fading),
practical coding schemes with delay constraints,
interference from more distant cells, and so on
by adding an appropriate margin to the SINR.

The achievable rate for a particular user
depends upon where they are in the cell. The
lowest rate corresponds to a user at the corner
of a cell, as illustrated in Fig. 2. It is then
straightforward to compute the SINR in Eq. 2
based on the hexagonal geometry. To determine
the received power Pr(d, f) we use Hata’s out-
door propagation model for the frequency range
150 MHz to 1.5 GHz, and its extension to PCS
for f > 1.5 GHz [14, Ch. 4]. The rate is then
obtained by quantizing the spectrum bands
shown in Table 1 into 1 MHz pieces, and sum-
ming the rate function over those bands. To
account for losses expected in practice (e.g., due

to other channel impairments) a 6 dB margin is
subtracted from the SINR. Also, we assume a
fixed power per unit area, i.e., the total power
across the area covered does not scale with the
density of APs. That also constrains the back-
ground interference level.

ACHIEVABLE RATE RESULTS
Results from the preceding calculation are shown
in Fig. 3. For these plots the transmit power
density is Pt = –40 dBm/Hz for all APs, the
noise power spectral density is N0 = –174
dBm/Hz, the base station antenna height is 30
m, and the receiver antenna height is 1 m.

Figure 3a shows achievable rates for the
worst-case user at a corner point of the cell vs.
user density. Different curves are shown for dif-
ferent values of the cell radius r. For these plots
the frequency reuse factor N is chosen such that
the rate at each frequency is maximized. (Possi-
ble values are 1, 3, 4, or 7.) Hence the rate per
user decreases as the cell radius increases. (This
is not necessarily true if N is fixed, since the
interference decreases with the cell radius.) As a
specific example, for a large city like Chicago,
which has a population density of approximately
4000 people per square km, the worst-case rate
per user increases from about 0.3 to 2 Mb/s as
the cell radius shrinks from 500 m to 200 m.
(For this example, the spectrum efficiency is
about 0.7 bps/Hz per cell, which is less than that
expected for Long-Term Evolution cellular sys-
tems. This is because the user is located on a cell
boundary and we assume omni-directional anten-
nas without cell sectorization.)

Figure 3b shows how the achievable rate
varies with the distance from the AP. The achiev-
able rate per cell at different distances from the
AP is shown vs. the cell radius. (The rate per
user is then obtained by dividing this rate by the
user density.) These results indicate that the rate
increases by about 50 percent when moving from
the edge of the cell to distance r/2, and more
than doubles if the distance decreases to r/4.

INTERPRETATION
The preceding results indicate that if a cellular
infrastructure with cell radii less than 200 m has
access to all of the bandwidth in Table 1, then
rates well above 1 Mb/s could, in principle, be
made continuously available to every member of
a dense urban population. Furthermore, the
achievable rate increases substantially with the
density of APs, and with the fraction of inactive
users (as opposed to assuming all users are
active).

Since the range of rates indicated here are
sufficient to support a wide range of near-term
mobile services, one might conclude that simple
allocation schemes, such as those based on a
commons model, may be adequate for spectrum
allocation. However, the rates shown in the pre-
ceding section are optimistic in that the avail-
ability of a managed infrastructure with
coordinated frequency reuse has been assumed.
Also, we have assumed an extreme case in which
a large amount of spectrum currently assigned to
many different applications is pooled for shared
use. If less spectrum is available, the rates
decrease accordingly.

SINR
P d f

N P d f
r

r ii

=
( )

+ ( )∈∑
,

,
.

0 I

Figure 2. Cellular system used to calculate achievable rates. The location of the
worst-case user with the lowest rate is shown. Only interference from the neigh-
boring cells is taken into account.
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As discussed previously, another reason why
spectrum may still be scarce even with extensive
sharing is that the additional spectrum would
encourage the use of simpler systems having
lower spectral efficiency, e.g., by using modula-
tion and coding schemes that operate at rates
well below the Shannon limit. Additional band-
width also enables a reduction in transmit power
and associated interference. Finally, although
the rates reported here may seem large (espe-
cially when divided among a relatively small set
of active users), it is possible that in the long-
term new applications may arise that require
rates on the order of (or beyond) what are indi-
cated here.

Hence, we conclude that even with extensive
spectrum sharing and with coordination of spec-
trum resources across APs, the demand for spec-
trum may exceed supply as users, applications,
and systems proliferate. We therefore discuss
how spectrum markets might be defined that
achieve efficient allocations and benefit con-
sumers of wireless services.

THE CHALLENGE:
SPECTRUM PROPERTY RIGHTS

A basic requirement for any market is to define
clearly the asset being traded. The purpose of
property rights in spectrum is to limit the amount
of interference an owner (or licensee) receives
from transmitters operated by other owners (or
licensees). The definition of these assets influ-
ences the technical constraints under which wire-
less networks operate, the valuation of spectrum
by market participants, and the resulting market
mechanism. This has prompted extensive discus-
sions of how such rights should be defined in the
legal literature [4–7, 9]. We briefly highlight
some of the key issues, and subsequently pro-
pose a definition based on transmitted power
mask that will be used as a basis for the subse-
quent discussion of market features.

From an economic point of view, the defini-

tion of a spectrum property right (or asset)
should satisfy the following criteria:
• It should be clear and easily enforced.
• It should be transparent, meaning that it is

straightforward to determine the benefit of
ownership (or rental).

• It should facilitate efficient allocations (e.g.,
avoid natural monopolies).

• It should be flexible, so that it can be applied
to different radio environments with vary-
ing traffic and propagation characteristics.
Satisfying all of these criteria is difficult due

to the fundamental problem of interference
management in wireless networks. For example,
to satisfy the second criterion a property right
would ideally guarantee the owner of a spectrum
asset that received interference power from
transmitters using other spectrum assets will not
exceed a given value. Due to random propaga-
tion characteristics, such a right would be diffi-
cult if not impossible to enforce, failing the first
criteria. Moreover, for many applications,
attempting to approximate such a right (e.g., by
enforcing large frequency re-use distances)
would be overly conservative and lead to ineffi-
cient use of spectrum, failing the third property.
(Such a conservative approach has been com-
mon practice and has contributed to the current
inefficiencies in spectrum use.) Hence in prac-
tice the preceding criteria must be relaxed when
defining spectrum property rights.

POWER MASK
In its most general form a spectrum property
right can be defined in terms of constraints on
transmitted and/or received power over frequen-
cies, time, and space. This definition should
depend on the propagation environment, traffic
characteristics, and application requirements,
which determine acceptable interference levels.
For example, power and interference constraints
for a community broadcast type of service in a
rural area are clearly different from those for a
high-speed data service in a city center.

Attempting to divide regions of

Figure 3. Achievable rates with a cellular infrastructure assuming all frequencies shown in Table 1 are available for sharing: a) worst-
case rate per user versus user density; b) rate per cell versus cell radius.
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frequency/time/space into a set of spectrum
property assets, which a priori accounts for all of
the previous factors is clearly impractical.
Rather, an initial (perhaps coarse) definition of
spectrum asset can be provided, which is subse-
quently refined through negotiations among
spectrum owners [7]. In general, there is a trade-
off between the front-end cost of defining an ini-
tial set of spectrum property rights to minimize
potential interference, and the back-end cost of
negotiating subsequent changes to those rights
once a market is introduced [6]. A challenge is
to provide a set of definitions for spectrum prop-
erty rights that balance those costs.

Because of the difficulties associated with
constraining received power, we will assume that
a spectrum asset is defined in terms of a trans-
mitted power mask, which limits radiated power
in a particular band (and outside the band) in a
particular geographic region for a given time
duration. This can serve as the basis for the
spectrum markets described in the next section,
provided that the power masks can vary over
locations, times, and frequencies. Specifically,
the power mask may depend on factors such as
the antenna height and the distance of the AP or
mobile to the boundary of the given geographic
area. (Such restrictions currently exist in some
bands.) Similarly, the power limit may increase
with frequency (due to higher attenuation) and
also increase when a neighboring system is
expected to be lightly loaded.

In practice, the variations of spectrum power
masks over time/frequency/space should be
negotiated by neighboring service providers and
spectrum owners, depending on their intended
applications. (Rather than change the definition
of power mask, the negotiations could instead
settle upon monetary compensation for high
interference levels.) Defining spectrum property
rights in this way provides great flexibility, since
the spectrum assets can be adapted to the envi-
ronment and applications, and can evolve
according to user demands and changes in tech-
nology. However, it does not give hard guaran-
tees about received interference. Instead
constraining transmit power would provide rea-
sonable (statistical) expectations about neighbor-
ing interference levels. Moreover, if a spectrum
owner or service provider requires a stronger
guarantee about the level of interference, it
would have the option of acquiring the neighbor-
ing spectrum assets to prevent other transmitters
from using them.

OWNING VS. LEASING
For the spectrum markets to be described there
is an important distinction between owning and
renting (or leasing) a spectrum asset. The defini-
tion of the spectrum asset depends on this dis-
tinction. Namely, an owned spectrum asset has a
long (perhaps unlimited) duration, and is traded
as a land right. Spectrum assets can be rented or
leased by the spectrum owner. The duration of
the spectrum asset being rented can vary across
frequencies, agents, and locations, and deter-
mines market dynamics. A short duration (say,
less than a day) may be associated with a spot
market for short-term commercial use (analo-
gous to electricity markets [15]), whereas a long

duration (e.g., years) may be associated with
broadcast services that require continual use of
spectrum. Note, in particular, that a spectrum
owner could conceivably decide to switch appli-
cations (e.g., migrate from broadcast to cellular),
or sell spectrum rights to another owner once a
rental agreement has expired.

TWO-TIER SPECTRUM MARKET
Allowing spectrum property rights to be flexibly
defined and traded would produce major
changes in markets for wireless services. The
most visible of those changes would be the sepa-
ration of spectrum ownership from the provision
of wireless services. One reason a service
provider may prefer to rent or lease spectrum,
rather than trade it as an owner, is that leasing
carries relatively low transaction costs compared
to buying and selling the spectrum asset. This
becomes especially important for services, which
require intermittent use of spectrum. (Examples
may include emergency or monitoring and delay-
tolerant applications, such as video downloads,
that can exploit periods of light usage.) A second
reason is that leasing avoids maintenance costs,
such as negotiating power levels with neighbor-
ing spectrum owners along with associated polic-
ing functions. Hence leasing or renting spectrum
on a short-term basis allows for flexible and effi-
cient allocations that vary over time and loca-
tions.

The distinction between owned and rented
spectrum assets would lead to the two-tier spec-
trum market shown in Fig. 4. The upper tier
consists of spectrum owners that buy and sell
spectrum rights with unlimited duration. Own-
ers could choose to rent or lease their spectrum
to service providers at the lower tier market
through a spectrum broker, which manages
spectrum assets at particular locations. The
upper- and lower-tier markets would likely
operate at two different time-scales: owned
spectrum assets at the upper tier might be trad-
ed on a relatively slow time scale (months or
years), whereas rented spectrum assets at the
lower tier could be negotiated over short time
scales (e.g., hours or even minutes, depending
on the application).

We next describe additional features of two-
tier spectrum markets. They are organized as
properties associated with the spectrum owners,
service providers and the spectrum broker.

SPECTRUM OWNERS
Spectrum assets at a particular AP, or geograph-
ic region, would be traded according to a con-
ventional market mechanism, as in a commodity
market. An issue, which arises with a spectrum
asset, is that its value depends on the interfer-
ence generated by nearby mobiles and APs,
which can change over time. This may encourage
aggregation of spectrum assets across neighbor-
ing locations. Strong interference between near-
by APs with different owners may have to be
resolved through additional negotiations.

Spectrum owners would have an incentive to
rent their assets to service providers with appli-
cations that generate the most revenue. (That
could, of course, vary with the time of day.)
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Allowing owners to trade spectrum assets implies
that each asset could be reassigned to applica-
tions that generate higher revenue, or alterna-
tively, to groups that want to purchase spectrum
for non-commercial purposes (e.g., community
broadcast). Furthermore, with extensive spec-
trum sharing, as previously assumed, many spec-
trum assets would be available at each AP and
the transaction costs for trading spectrum would
presumably be low. Hence the way spectrum is
used would be determined by market supply and
demand, and the price of a particular spectrum
asset would be tied to the long-term revenue it is
expected to generate.

SERVICE PROVIDERS
A service provider offers a set of wireless ser-
vices to end customers through a particular
pricing scheme. With spectrum markets a ser-
vice provider could purchase (rent) spectrum
on a short-term basis. As a consequence, a ser-
vice provider need not build out a national
footprint of APs, which use the same spectrum.
The spectrum could be rented via the spectrum
spot market at desired locations according to
customer demand. This, of course, assumes that
the customers have frequency- agile radios that
are able to switch to the assigned band and use
the appropriate modulation and coding format.
(Notifying the end-user what particular band to
use would also require some signaling over-
head, although that is likely to incur a relatively
small cost.)

The service provider could also conceivably
rent the necessary equipment at an AP from an
equipment manufacturer. (That cost would also
account for the cost of the tower on which it is
mounted.) Hence the combination of spectrum
markets and equipment rentals could dramati-
cally lower the entry (sunk) costs for a service
provider, potentially increasing competition
along with service options.

Service providers may also provide an arbi-
trage function for customers. Namely, large fluc-
tuations in the demand for particular wireless
services may cause large price fluctuations for
spectrum rental. Since end customers typically
prefer predictable (e.g., flat-rate) pricing plans, a
service provider may provide such an option, but
with a premium, which accounts for statistical
fluctuations in the price of spectrum. (Alterna-
tively, the arbitrage function may be performed
by third-party resellers.) A service provider may
also choose to negotiate longer-term contracts
for spectrum with the spectrum owner to provide
more reliable quality of service. (Another possi-
bility is to create a spectrum futures market,
analogous to current electricity futures markets
[15], in which rights to use particular spectrum
assets at future times are traded.)

SPECTRUM BROKER
The lower-tier spot market for spectrum assets
at each AP could be managed by a spectrum
broker, which determines how spectrum assets
are allocated among service providers, and how
much each service provider pays for each spec-
trum asset. The allocation method, or mecha-
nism, must balance efficiency with complexity, a

topic discussed in the literature on algorithmic
mechanism design [16].

For example, the allocation could be deter-
mined through an auction mechanism in which
the broker collects bids to buy from the service
providers, bids to sell from the spectrum owners,
and subsequently determines the allocation
along with the price for each spectrum asset.
The auction would then be repeated as spectrum
assets become available (i.e., as they are released
by service providers).

Alternatively, the spectrum broker could
announce a set of prices for the available spec-
trum assets, and adjust the prices over time to
maximize expected revenue or to clear the mar-
ket periodically. This approach is generally sim-
pler, and requires less overhead (information
exchange) than an auction mechanism. However,
a well-designed auction mechanism can achieve
either a higher efficiency or more revenue
(whichever is the objective). The choice between
these two approaches should depend on the
thickness of the market; with relatively few buy-
ers and sellers (a thin market) an auction mecha-
nism becomes simple to implement, so may be
preferred. With many buyers and sellers the loss
in efficiency (or revenue) with the pricing
scheme becomes small, so that the pricing
scheme may be preferred.

With either approach the protocol for infor-
mation exchange (bids for assets or price adjust-
ments) could be automated and run on a
spectrum server. (See also [8], which proposes a
related type of spectrum server.) Hence the
lower-tier market for renting spectrum assets
could operate on a very fast time scale with
small transaction costs.

Figure 4. Two-tier spectrum market: Spectrum assets corresponding to particu-
lar locations are traded by owners at the upper tier; those assets are then 
rented or leased to service providers via lower-tier spot markets at the APs. 
The spot market at a particular AP (or set of APs) is managed by a spectrum
broker.
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INTERFERENCE MANAGEMENT

For the spectrum markets considered here inter-
ference management at a basic level is accom-
plished by the power masks corresponding to
spectrum property rights. However, fixed power
masks (as defined today) would lead to inefficien-
cies due to changes in the deployment of wireless
networks (e.g., density of APs), demand for spec-
trum across time and locations, and propagation
characteristics. Hence depending on the location
and time, some power masks may be too stringent
(lowering the value of the services provided), and
some may permit excessive interference (lowering
the value of services at neighboring locations).
We next describe ways in which spectrum markets
may address this issue. Much of the following dis-
cussion applies to both owners and service pro-
viders, which we will refer to as agents.

LOCAL COOPERATION
Rather than fixing power masks across time and
locations, power masks could be adapted through
negotiations, or by means of particular proto-
cols. For example, adjacent owners may negoti-
ate cross-rental agreements for the same
spectrum, or alternatively, agree to cross-pay-
ments for reducing or increasing interference.
Specifically, an agent A at a particular AP could
offer to pay agent B at a neighboring AP to
reduce interference by imposing a smaller power
mask on its customers. Alternatively, agent A
could pay B to accept more interference, allow-
ing A to increase its power mask.

To maximize efficiency (i.e., total utility for
both service providers), the cross-payment for
interference should match the loss in utility (or
externality) incurred by the neighboring agent that
agrees to reduce its power, or accept more inter-
ference. To find this cross-payment, the agents
would need to exchange information about their
utilities and cross-channel gains. This may be
worthwhile, provided that the signaling overhead
is manageable (i.e., occurs on a sufficiently slow
time scale), and the agents are willing to exchange
this information. For example, that might be the
case if the same agent is managing spectrum assets
across neighboring APs, as in current cellular sys-
tems. (The APs may then exchange interference
prices to adjust powers, taking into account exter-
nalities due to interference [17].)

Competing agents at neighboring APs may
not be willing to exchange information about
actual utilities (e.g., expected revenue), but
could negotiate cross-payments through a bar-
gaining procedure. Moreover, there would be
the possibility of negotiating a protocol for
adapting powers that specifies how power limits
and cross-payments are determined as a function
of measured interference at particular locations.
In this way, power masks can adapt to changing
application requirements, network topology
(e.g., if an agent wishes to add or remove an
AP), and anticipated traffic.

We also point out that local cooperation can
be applied to the commons model (e.g., 802.11
networks). An example of this, which requires
minimal signaling overhead, is distributed
dynamic channel allocation. As the traffic and
network load increase, more extensive local

cooperation, such as interference pricing and
cross-payments, might be introduced. For exam-
ple, an AP may offer to carry traffic from neigh-
boring locations, rather than accept the
additional interference from another AP. (The
effect of such negotiations on the density of APs
is considered in [18].) Referring to Fig. 1, by
mitigating interference through local coopera-
tion, the threshold price p0 increases, thereby
extending the range of frequencies over which
the commons model is more efficient than a
spectrum market.

ASSET AGGREGATION
To avoid negotiating interference levels with
neighboring agents, an agent may try to purchase
or rent similar spectrum assets at neighboring
locations. In that way, the agent would have more
control over interference within a particular
region. (It may then be willing to allow more
interference at the boundaries from different
APs.) Also, the agent may wish to purchase or
rent similar spectrum assets at neighboring APs
to ensure adequate coverage. An agent’s valua-
tion for bundles of spectrum would then exhibit
complementarities, i.e., the value an agent places
on a particular asset may be greater if the agent
owns (or rents) neighboring assets. (More gener-
ally, the value of a bundle of assets may be greater
than the sum of the values of each asset alone.)

The existence of complementarities implies
that spectrum markets should allow spectrum
assets to be aggregated. Agents could then bid for
bundles of assets across different locations. (The
power constraints within the region could be
relaxed provided that the total received power at
the boundary stays the same.) This complicates
the design of spectrum markets, since a particu-
lar asset may appear in many bundles, each con-
taining a different combination of assets. Finding
an efficient allocation in general can be compu-
tationally difficult and may require excessive
information exchange (bids and asks) [19]. These
costs could be reduced by adopting a less effi-
cient mechanism.

Finally, complementarities for spectrum
assets may also exist over adjacent frequency
bands. For example, an agent may wish to own
or rent those bands to manage adjacent-channel
interference, e.g., to allow for simpler receiver
filters. Hence spectrum assets might be bundled
across both frequency and spatial locations.

IMPLICATIONS FOR
WIRELESS SYSTEM DESIGN

Because spectrum has been viewed as a scarce
resource, wireless systems engineering has put a
premium on spectral efficiency (b/s/Hz). As
spectrum becomes more abundant through
extensive sharing, the importance of spectral
efficiency may diminish. Instead, the design
objective with extensive sharing may shift toward
lowering equipment cost and/or increasing power
efficiency. That is, power could be reduced to
provide longer battery life and reduce interfer-
ence. Hence an abundance of spectrum may
encourage the use of less expensive, low-power,
wideband (spread spectrum) systems.
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Another consequence of more abundant spec-
trum is that the economic benefit from spectrum
use becomes limited by transaction costs for repeat-
ed spectrum (re)allocations. Hence an objective
should be to minimize those costs. This suggests
developing standards for broker mechanisms for
the lower-tier spot market that can be included as
a core part of cognitive radios (in addition to stan-
dard air interfaces). Service providers could then
build applications, which exploit standard dynamic
protocols for acquiring spectrum.

Alternatively, the commons model might be
used in some bands with distributed interference
management schemes, such as interference pric-
ing and local negotiations. Those schemes effec-
tively introduce transaction costs to mitigate
interference, which may be needed as the densi-
ty of nodes increases. The choice between these
two approaches (market or commons) would
again depend on the price of spectrum and asso-
ciated transaction costs.

CONCLUSIONS
Allowing large parts of the radio spectrum to be
traded and rented across geographic locations
and time would provide incentives for more effi-
cient use, and encourage alternative models for
dynamically sharing spectrum. A key conse-
quence is that spectrum ownership could be sep-
arated from the provision of wireless services.
That would lower entry barriers, and thereby
facilitate the introduction of more diverse sets of
services. More abundant spectrum may also
motivate the deployment of different types of
radio systems, which operate at lower spectral
efficiencies.

We have highlighted some of the main tech-
nical features and issues associated with spec-
trum markets. Additional issues not discussed
include networking functions, such as handoff,
and spectrum policing to enforce property rights.
Perhaps more difficult to resolve are the policy
issues associated with the transition away from
current allocations. It remains to be seen
whether the potential benefits of spectrum mar-
kets can overcome the obstacles to the necessary
spectrum policy reforms.
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