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INTRODUCTION

Nowadays, auctions are one of the most popular
methods used by both private agencies and gov-
ernmental institutions for selling a variety of
items, ranging from antiques to wireless spec-
trum. The common characteristic in all these
cases is that the seller does not know the valua-
tion of the items to potential buyers. In these
settings, traditional market mechanisms such as
pricing fail due to lack of this information. For
example, if the seller sets very high prices for the
items, these will probably remain unsold, while
low prices will yield low revenue. On the other
hand, auctions lead to allocation of items to the
buyers with the highest valuations and at the
same time to substantial increase of the revenue
of the seller. Moreover, auctions require mini-
mum interaction among sellers and buyers since
the latter simply have to declare their prefer-
ences about auctioned items.

While initially auctions were designed empiri-
cally, in the last few decades game theory has
been employed for their study. In 1961, Vickrey
introduced the analysis of auctions as games of
incomplete information [1]. In these games the
players are the buyers who must select the
appropriate bidding strategy in order to maxi-
mize their perceived utility (i.e., the value of the
acquired items minus the payment to the seller).
Each buyer is not aware of the valuation of the
item for other buyers, and in some cases cannot
even observe their actions (bids). From this per-
spective, the auction design is a mechanism
design problem where the seller-buyers interac-
tion rules must be selected so as to ensure the

desirable equilibrium. In most cases, the objec-
tive is to allocate the item to the buyer with the
highest valuation. Nevertheless, the selection of
the proper auction remains an intricate task.
Therefore, more often than not, specialized enti-
ties, i.e. companies or organizations, overtake
the task of designing and running the auctions
on behalf of sellers, which are the actual owners
of the auctioned goodies.

The first spectrum auction was organized in
New Zealand in 1990 for selling television spec-
trum bands [2]. Since then, many countries
around the world have run auctions to sell spec-
trum bands. In most of the cases the result was
remarkable, raising the revenue of the state to
unexpected levels and granting the spectrum to
the most interested buyers. Auctions evolved
into a very popular method for allocating spec-
trum licenses. More important, in the last few
years there has been an unprecedented demand
for wireless services from an ever growing popu-
lation of wireless users. This fact, coupled with
the advent of new technologies such as cognitive
radio, spurred discussions about the necessity for
reforming the spectrum allocation policy. Today,
it is common ground that spectrum regulation
should be more dynamic and flexible. The state
should grant spectrum licenses in different time
and spatial ranges; moreover the license holders
should be able to resell their idle spectrum chan-
nels [3]. This dynamic spectrum sharing model,
at the timescale of channel or data flow dynam-
ics, is expected to increase the utilization of
spectrum. Spectrum will become a traded com-
modity in the dynamic spectrum markets.

In these markets, heterogeneous entities such
as operators and users will interact, aiming to
buy and resell spectrum. Usually, their objective
will be to maximize their benefit, and hence they
are expected to act selfishly. Moreover, these
nodes will operate in a decentralized fashion and
with limited information about the actual spec-
trum needs of other nodes. In this context, auc-
tion-based spectrum allocation mechanisms
appear as an appropriate choice. First, auctions
are agnostic to the utility functions of the bid-
ders (i.e., the buyers’ valuations for spectrum
channels). Second, they require minimum inter-
action and hence are amenable to lightweight
realization. Finally, they facilitate decentralized
implementation. In the next sections we intro-
duce the basic concepts of auction theory, and
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present the properties and advantages that make
them appropriate for selling spectrum. We also
analyze the characteristics of emerging dynamic
spectrum markets where auctions are expected
to play crucial role. We discuss the challenges in
designing these new auctions and present some
auction types such as double auctions and hier-
archical multilayer auctions. 

AUCTION THEORY FUNDAMENTALS

SINGLE-OBJECT AUCTIONS
In the simplest form of auction, there is a set of
buyers who bid to obtain one or more items
(sold in a package, i.e., as one), and an auction-
eer who collects these bids and decides which
buyer will get the item and how much s/he will
pay. The components of every auction are the
allocation rule, the payment rule, and the bid-
ding rule. The first determines the allocation of
the auctioned item to buyers. Usually, the higher
bidding buyer is awarded the item. The payment
rule determines how much each bidder will pay.
For example, a winning bidder is charged with
an amount equal to his/her bid or the second
highest bid. The basic difference of auctions
from other similar mechanisms such as pricing
schemes is that the allocation and payment for
each buyer depends not only on his/her bid, but
also on the bids of other buyers. The bidding
rules define the machinery of the auction: what
bids are allowed, whether the bids are sealed or
revealed to all participants in the auction, or
whether the bidders are able to update their
offers in subsequent rounds. Different combina-
tions of these rules result in different auction
schemes. The most fundamental criterion that
drives the decisions of the auction designer is
the objective of the auction. The objectives
range from revenue maximization for the auc-
tioneer to social welfare (efficiency) maximiza-
tion. The latter is achieved when auctioned
items are allocated to the buyers with highest
valuations. Very often these objectives are con-
flicting. That is, an auction that maximizes the

social welfare probably will not generate the
highest revenue for the auctioneer, and a rev-
enue maximizing auction is very likely to entail
efficiency loss. Figure 1 shows the generic setup
of an auction. 

Let us consider the two basic auction
schemes: the first price and second price (Vick-
rey) auction. Assume that there exist i = 1, …,
N bidders who compete to obtain one item.
Each bidder, independent of the others, attaches
a value xi ∈ [0, w], w ∈ R, to the item. This value
is private information, which is not available to
the auctioneer or other bidders. However, the
cumulative distribution function (cdf) of this val-
uation, Fi (xi) = P(Xi ≤ xi), is considered com-
mon knowledge. The bidders can be different or
symmetric (i.e., Fi(⋅) = F(⋅), ∀i). Each potential
buyer i submits a sealed bid bi, i = 1, …, N to
the auctioneer, which collects them and grants
the item to the highest bidder. Hence, both auc-
tions have the same allocation rule. However, in
the first price auction the winner pays his/her
bid, while in the Vickrey auction s/he pays the
second highest bid (Fig. 2).

The different payment rules yield different
properties for these auctions. When we refer to
auction properties, we are mainly interested in
the efficiency of the allocation and the revenue
generated for the auctioneer. A prerequisite for
efficient allocation is truthfulness (or incentive
compatibility); that is, the auction induces the
bidders to reveal their actual valuations, bi = xi,
∀i. On the other hand, revenue maximizing auc-
tions grant the items to the bidder expected to
pay higher, which is not always the one with the
highest valuation. Although the first and second
price auctions yield the same revenue under cer-
tain conditions (revenue equivalence theorem [4]),
in general the former produces higher revenue
and with higher probability (i.e., less risk).
Therefore, when the revenue is the primary
objective of the auctioneer, the first price auc-
tion is the proper choice. On the other hand,
when the bidder values are independent, the
Vickrey auction is always truthful and hence effi-

Figure 1. Auction machinery. The winner and respective payment depend on the entire vector of bids. The
revenue of the auctioneer is the payment of the winner. The efficiency of the auction is the total valuation
of the allocated items for the winner(s).

• The auctioneer collects the bids b=(b1, b2, ..., bN) and
   applies the allocation rule h(.) and the payment rule f(.) in
   order to determine the winner and the respective payment.
• Allocation rule h(.): j = h(b1, b2, ..., bN ).  The winner
   selection depends on the bids vector.  Usually, the highest
   bidder is awarded the auctioned item.
• Payment rule f(.): pj = f(b1, b2, ..., bN ).  The payment
   depends on the bids vector.  Usually, only the winning
   bidder pays.
• Revenue for the auctioneer: The price pj paid by the
   winner j.
• Efficiency of the auction: The valuation xj of winner j.
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cient, which is a very desirable property for auc-
tioneers aiming at a socially optimal outcome.

A method to further increase the revenue of
an auction is to use reserve prices. A reserve
price is the minimum price the auctioneer
accepts to sell his/her item. If all bids are below
this price, the item is not sold. Myerson was the
first to systematically study the selection of
reserve prices [5]. He applied concepts from
mechanism design and proposed so-called opti-
mal auctions that ensure the maximum expected
revenue for selling one single item. For every
bidder i who submits a bid bi, the auctioneer cal-
culates the optimal reservation price by using the
cumulative distribution function Fi(⋅) and respec-
tive probability density function fi(⋅) (Fig. 3).
This reservation price is subtracted from the
actual submitted bid in order to calculate the
virtual valuation (virtual bid) ψi of the buyer.
Given the virtual valuations of the bidders, an
optimal auction simply allocates the item to the
bidder with the maximum non-negative virtual
value. The winner pays the minimum bid
required to win the auction. Notice that optimal
auctions can result in inefficient allocation for
two reasons. First, if all virtual bids are negative,
the item remains unsold despite the existence of
positive actual valuations. Moreover, in the case
of asymmetric bidders (i.e., Fi(⋅) ≠ Fj(⋅) for i ≠ j),
it is probable that the highest virtual bid will not
represent the highest actual valuation [4].

MULTI-OBJECT AND VCG AUCTIONS
If the auctioneer wishes to sell more than one
item, s/he organizes a multiple object auction.
Such an auction can be homogeneous or heteroge-
neous, depending on whether auctioned items
are identical or different. In the latter case, the
items could be independent, substitutes, or com-
plements. The buyers’ valuation for every addi-
tional acquired item decreases for substitutes
and increases for complements. If the items are
auctioned one at a time, the auction is called
sequential, while if items are sold in one shot the
auction is simultaneous. Finally, the buyers bid
only for one item if they have single-unit demand,

or for bundles of items in case of combinatorial
auctions. Apparently, the design space of multi-
unit auctions is very rich.

Let us focus on homogeneous sealed-bid
simultaneous auctions. Assume that there is one
auctioneer with K identical items, and N buyers
who bid for these items. Each bidder i submits a
bid vector bi = (b1

i, b2
i, …, bK

i), where bm
i is the

amount i is willing to pay for the mth item. The
total amount bidder i is willing to pay for obtain-
ing all items is ΣK

j=1bj
i. The most popular auction

schemes in this category are the discriminatory-
price, uniform-price, and Vickrey auctions. All of
them have the same allocation rule, according to
which the K highest bids are deemed “winning
bids,” and every bidder receives the items for
which s/he was a winner. However, the payment
rules of these auctions are different. The discrim-
inatory auction is actually the multi-unit exten-
sion of the first price auction. That is, each
bidder i pays an amount equal to his/her Ki win-
ning bids, ΣKi

j=1bj
i. In other words, different buyers

pay different prices for different items. On the
other hand, in the uniform-price auction, all K
items are sold at the market clearing price, which
is selected to equate total supply and total
demand. Finally, in the multi-unit Vickrey auc-
tion, each buyer i who is awarded Ki items pays a
price equal to the sum of the bids s/he has out-
bidden. These are the bids of the buyers that
would have got the Ki items, if buyer i was absent.

The efficiency and revenue of multi-unit auc-
tions depend on the market setting and assump-
tions about the buyers. For example, the
uniform-price auction is efficient only if we
assume that buyers have single-unit demand,
while the Vickrey auction is efficient also for
selling multiple units, but only if bidders valua-
tions are independent. The only auction that
ensures truth-telling and efficient allocation
without any restrictions is the celebrated Vick-
rey-Clark-Groves (VCG) mechanism [4]. In
VCG auctions, every buyer i pays a price that is
equal to the externality s/he creates to the mar-
ket. This is calculated as the difference between
the sum of the valuations (social utility) of the

Figure 2. Second price auction is always truthful and therefore efficient, since the auctioneer is able to allo-
cate the item to the buyer with the highest valuation. First price auction results in higher revenue with less
risk.
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winners other than i when i does not participate
and the sum of their valuations when i partici-
pates in the auction. In other words, each bidder
pays an amount equal to the total utility decrease
it causes to all other bidders.

There are also reverse or procurement auctions
where some sellers (or producers) submit offer
bids in order to provide a set of items to the
auctioneer. An extension of multiple-object auc-
tions are share auctions where the auctioned
item is an infinitely divisible resource. In many
cases there are more than one seller that can
provide the same items to a set of buyers. In
these auctions, known as double-sided auctions,
the sellers compete for the buyers who are able
to select the best offer. Figure 4 depicts the
comparison of double- and single-sided auctions.
Finally, other advanced topics in auction theory
include score auctions [2], where bidders are
sorted not only according to their bids but also
with respect to their specific properties such as
various quality metrics. A variation of a score
auction is used by Internet search engines for
selling advertisement slots in web pages that dis-
play the keyword search results of Internet users.
In these sponsored search auctions, the bids are
weighted with a scalar parameter that reflects
the relevance of their advertisements to the spe-
cific keyword search [6, references therein].

NOVEL CHALLENGES IN
SPECTRUM AUCTIONS

In the first attempts to allocate wireless spec-
trum, specialized governmental institutions, such
as the U.S. Federal Communications Commis-
sion (FCC), were appointed the task of acting as
regulators and granting available spectrum
licenses to interested parties. Initially, the
method used for this allocation procedure was
comparative hearings, which in the 1980s was
replaced by lotteries [2]. However, it was soon
realized that this process was profit-deficit, and a
better choice was to directly sell spectrum to the

buyers. Selling a public good such as spectrum is
a very difficult task, mainly because its value is
not known in advance. The seller cannot foresee
which buyer values spectrum higher and how
high the valuation is. In settings like this, where
there is incomplete information about valuation
of the goods, traditional market mechanisms
such as pricing fail. On the other hand, auctions
constitute a promising tool since they induce
bidders to reveal their true valuations to the auc-
tioneer, and require minimum communication
between buyers and sellers.

In the first spectrum auction, which was orga-
nized in New Zealand in 1990, the organizers
began with a second price auction, but due to
low revenue they switched to a first price auction
soon after. In 1994, the FCC organized the first
U.S. spectrum auction for selling 10 narrowband
personal communication services (PCS) licenses.
Since then, the FCC has organized more than 70
auctions selling more than 31,000 licenses [2].
Similarly, in many countries all over the world,
governments run auctions for selling spectrum
licenses. While traditional auctions succeeded in
increasing the revenue and efficiency of spec-
trum allocation, the unprecedented growth of
demand for wireless communication services in
the last decade has rendered necessary the
reconsideration of this static allocation policy.
Currently there are a variety of wireless services
and a growing population of users with diverse
requirements that vary in both temporal evolu-
tion and spatial location. In order to satisfy these
demands, operators and users should have
dynamic access to spectrum. Spectrum regulators
soon realized the requirement for dynamic spec-
trum management [3]. Nowadays, it is common
belief that there is a strong need for spectrum
liberalization where spectrum owners will be
able to resell, lease, or exchange their spectrum.
With this dynamic spectrum sharing model, it is
expected that spectrum utilization will be boost-
ed, ensuring both user satisfaction and operator
revenue. This twist in spectrum policy is lever-
aged by the advent of cognitive radio technology,

Figure 3. The optimal auction uses virtual bids which stem from the actual submitted bids minus the opti-
mal estimated reserve price for each bidder. If the winning virtual bid is less than zero, the item is not allo-
cated. The optimal auction ensures the maximum possible expected revenue for the seller.

• Optimal auctions use reserve prices and
   maximize expected revenue of the seller.

• For every bidder i, the seller calculates the
   optimal reserve price y(bi)=[1-Fi(bi)] / fi(bi).

• The item is granted to the highest non-
   negative virtual bid.

• If the bids are lower than the reserve prices,
   the item is not sold.

• The c.d.f. of buyer valuations are considered
   common knowledge.
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which enables the intelligent reconfiguration of
nodes’ transmission characteristics to adapt to
the varying conditions of their surrounding envi-
ronment.

In the new era of dynamic spectrum markets,
the static spectrum allotment policy must be
replaced by more flexible schemes. Spectrum
channels will be granted in different time scales
and for various spatial ranges to operators or
directly to users. Channel allocation and spec-
trum access will be for either exclusive use (pri-
mary access) or low-cost secondary access.
Regulators will organize auctions for selling spec-
trum licenses to the so- called primary operators
(POs). Apart from serving primary users (PUs),
the POs will exchange spectrum bands with each
other and additionally lease unused bandwidth to
secondary operators (SOs). The latter will be
able to serve secondary users (SUs) in their
range without the need to invest money for
licenses. Secondary users are obliged to transmit
without causing interference to the PUs and,
more often than not, will have to compete with
each other for spectrum access [7]. In these mar-
kets there will be many different scenarios for
spectrum allocation [8]. The common denomina-
tor is the freedom of the various entities to trade
spectrum at their own will and in the presence of
limited information about spectrum demand.
Auctions are expected to constitute the prime
method for selling and redistributing the spec-
trum in these paradigms. In Fig. 5 a schematic
representation of the spectrum sharing interac-
tions between POs/SOs and users is depicted.

AUCTIONS IN DYNAMIC
SPECTRUM MARKETS

Spectrum allocation in dynamic spectrum mar-
kets requires the development of novel auction
schemes. Unlike traditional auctions organized

by state agencies, the auctioneer in these cases
can be any operator or even a user who is willing
to exchange his/her spectrum. Lightweight mech-
anisms are needed, with minimum communica-
tion overhead among involved entities.

DYNAMIC SPECTRUM SHARING
Dynamic spectrum auctions differ in substantial
ways from respective schemes where other assets
are sold and from static spectrum auctions. First,
in dynamic spectrum markets there are expected
to be many networks that will cover small areas;
therefore channel allocation will be a more com-
plicated task than in traditional wireless net-
works. Spectrum can be reused by operators that
are not in adjacent cells or, in general, nearby
cells. Auctions should consider the spatial
dimension and the fact that there may be many
winners to which spectrum should be concur-
rently allocated. Second, spectrum bands differ in
terms of quality due to inherent frequency selec-
tivity of the wireless channel and the time-vary-
ing link quality. Third, heterogeneity and
unpredictability of user demands and user mobili-
ty place additional challenges. Finally, the small-
scale dynamic fashion in which spectrum
allocation has to be accomplished renders the
machinery of bidding, allocation, and payment
challenging.

In this context, a common paradigm of spec-
trum auction is when a PO, such as a large
broadcasting company, allocates its idle spec-
trum to a set of secondary operators, for exam-
ple, mobile virtual network operators (MVNOs).
Spectrum is divided in channels (spectrum
chunks), and SOs at adjacent cells cannot use
the same channel due to interference. The PO
collects the bids and determines the channel
allocation by solving an optimization problem
subject to the interference constraints. The PO
can use any type of multiple-object auction
depending on its objective. For example, in [9]

Figure 4. Single and double sided auctions. In single-sided auctions the auctioneer sells or asks for an item
(procurement auctions). In doublesided auctions there exist many buyers and many sellers interacting con-
currently. A centralized entity collects the offer and the ask-bids and runs the auction algorithm to deter-
mine the allocation of the items and the respective payments.
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an extension of the optimal auction is proposed
that is suitable for maximizing the revenue of
the seller when it auctions multiple channels.
However, due to spectrum reuse, these auctions
either lose their incentive compatibility property
(truthfulness) or have exponential complexity.
To alleviate this problem, the authors of [10]
propose a suboptimal auction scheme that is
computationally efficient but reduces the rev-
enue of the seller.

Similar issues arise when the SOs organize
auctions to sell spectrum channels to SUs. These
auctions can be one-shot or repeated. In the lat-
ter case, SUs can update their bidding strategy
in order to increase their benefit from channel
usage. Each channel can be allocated to more
than one SU. In this case, the SUs share the
channel and communicate through a protocol
such as carrier sense multiple access (CSMA).
Another proposition is to have a central agency
selling spectrum to the PUs and SUs [11]. Each
user is able to ask for a primary license if it has
inelastic spectrum demands or a secondary spec-
trum license if it prefers a low-cost service. The
agency allocates spectrum channels so as to
increase efficiency or revenue. In this setting, the
optimal access allocation problem is NP-com-
plete, but under certain conditions and relax-
ations can be solved with polynomial-time
algorithms using either dynamic programming
techniques or tools from graph theory.

A characteristic of dynamic spectrum markets
is that they aim to facilitate spectrum exchange
among different entities. Each PO may lease or
even exchange its channels to other POs. Simi-
larly, SOs will be able to directly interact and

satisfy their dynamic needs by redistributing the
spectrum they have leased from POs. Finally,
even users may exchange their channel access
licenses. These many-to-many interactions can
be captured by double auction mechanisms.
Spectrum owners sell their channels to a set of
buyers who are able to select the most attractive
offers in terms of cost and channel quality. We
note that double auctions presume the existence
of a central entity that will collect all bids and
run the auction algorithm in order to match
requests and offers.

In these double spectrum auctions, every
entity becomes both a buyer and a seller, and
submits requests for new channels while at the
same time offering its idle spectrum. The chal-
lenge here is to manage this large volume of
spectrum requests across several geographic
areas by opportunistically exploiting spectrum
surpluses. This way, spectrum utilization will
increase, and at the same time the dynamic
spectrum needs of the operators and users will
be satisfied. Devising truthful and efficient dou-
ble auctions is an intricate task. In [12] the
authors explain that the requirement for spec-
trum reuse results in non-truthful auctions. In
other words, there is a trade-off between the
economic robustness of these auctions and the
efficiency of spectrum allocation. To address
this trade-off they propose a double auction
scheme, based on the McAfee double auction,
where the bidders are grouped, and each group
is allocated the same channel. Finally, in some
networks where there are no central nodes, such
as ad hoc networks, it is necessary to employ
methods for distributed execution of the auction

Figure 5. Dynamic spectrum sharing: a government institution allocates spectrum channels to a set of pri-
mary operators. The POs serve their users and resale/lease unutilized spectrum to a set of secondary opera-
tors. These, in turn, provide services to a set of secondary users. Operators and users can exchange
spectrum channels to satisfy their dynamic varying spectrum needs.
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mechanisms. For example, in [13] a distributed
algorithm based on primal-dual Lagrange
decomposition is proposed for the implementa-
tion of the auction mechanism.

HIERARCHICAL SPECTRUM ALLOCATION
An important feature of dynamic spectrum mar-
kets is the heterogeneity of involved entities that
interact through certain hierarchies. In particu-
lar, in these markets spectrum distribution
becomes a multilayer resource allocation pro-
cess. In every layer, a set of entities (operators
or brokers) request some spectrum, which they
may resell (as a whole or parts) to operators or
users in another layer. The interaction of the
entities between two successive layers affects the
utility of entities in other layers. In other words,
there is an interdependence among layers. How-
ever, the different objectives of operators and
users in the different layers, as well as their dif-
ferent transmission capabilities and spectrum
needs can result in inefficient spectrum alloca-
tion or revenue loss. Apparently, there is a need
for mechanisms that will align the incentives of
the various entities and enable their coordina-
tion. Clearly, traditional two-party auction
schemes are inadequate to capture and address
issues that arise in this context.

An example of such a multilayer interaction
is presented in Fig. 5. Consider a government
agency that organizes an auction to allocate
spectrum chunks to a set of POs, and assume
that these POs are allowed to lease or resell the
spectrum they acquire to SOs. The agency is
expected to be a socially aware entity that is
interested in maximizing spectrum utilization
(i.e., the efficiency of spectrum allocation).
Therefore, it will run a truth-telling auction
such as Vickrey or VCG to allocate the spec-
trum to the POs. However, the POs are market
entities and hence are expected to resell their
spectrum so as to maximize their revenue. We
already explained that auctions which maximize

revenue, such as the optimal mechanism of
Myerson, can cause efficiency loss [4]. Clearly,
the objectives of the POs and the agency are
not aligned, and the successive auctions will not
ensure the initial goal of efficient spectrum uti-
lization.

Obviously, the most suitable solution for
these spectrum allocation problems would be to
have a central regulator that would continuously
redistribute the spectrum to both primary and
secondary users, and ensure maximum possible
efficiency. Since most probably this may not be
realizable, one seeks other mechanisms to ensure
the overall objective (efficiency or revenue) in
the presence of these spectrum allocation hierar-
chies. An idea in this direction is to use score
auctions [2]. The seller at the top of each hierar-
chy can run an auction to allocate spectrum, but
does not consider only the bids of buyers.
Instead, s/he will use additional criteria that cap-
ture the behavior of the bidders when they act as
sellers for the next-layer market. For example,
the top auctioneer can enable an enhanced auc-
tion mechanism where s/he considers feedback
from the bottom-layer buyers. Sponsored search
auctions constitute a simple instance of this
paradigm. These auction schemes will provide
incentives to the middle-layer nodes to comply
with the goal of the top-layer auctioneer and
reduce their revenue in favor of the benefit of
the bottom-layer nodes.

Another instance of a three-layer hierarchi-
cal interaction is among POs, SOs, and SUs
(Fig. 5). Again, each PO wishes to sell unused
spectrum to a set of SOs. The SOs submit bids,
and the POs determine the payments and chan-
nel allocation. The appropriateness of this allo-
cation depends on the experience of the SUs.
Obviously, it is not desirable to allocate certain
channels to SOs that would in turn assign them
to users for which the specific frequency is of
low quality, due to either interference from
excessive frequency reuse or limited range of

Figure 6. Hierarchical successive spectrum allocation induces efficiency loss for the network due to the selfish revenue maximizing
behavior of operators in the second layer. The regulator can decrease this loss by allocating more channels to the socially aware opera-
tors: a) The upper curve represents the system aggregate utility when the channels are allocated directly and efficiently by the regulator to
the 60 users. The lower, dotted curve, depicts the system utility when each operator receives 40 channels and resells them using an opti-
mal auction to his 30 users. b) System aggregate utility for different values of the channel allocation imbalance parameter.
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the specific SOs. In other words, the PO has to
determine the most suitable SO for each specif-
ic channel. Therefore, it is imperative to have a
mechanism that will enable the coordination of
the entities in all the layers of this hierarchy.
Moreover, in some settings the SUs may be also
clients of the POs [11]; hence, the latter have an
additional incentive to take into account the
users’ preferences. In order to ensure overall
efficient allocation of the channels, the POs
should consider the feedback from users about
the quality of the services they received from
each SO. This feedback can be used to modu-
late the bids of the SOs when they request spec-
trum, in the spirit of score and sponsored search
auctions.

Finally, we consider a representative three-
layer hierarchical spectrum market and run
numerical experiments. At the top of the hierar-
chy there is one socially aware spectrum regula-
tor which allocates 40 channels to each of two
revenue maximizing operators, and each opera-
tor in turn serves 30 users. User needs are pri-
vate information, but their distribution is
uniform and known to operators and the regula-
tor. In Fig. 6a we plotted the overall system effi-
ciency (i.e., the sum of the winning users’
valuations vs. the number of allocated channels)
for two scenarios:
• When channels are allocated by operators

using an optimal auction scheme that maxi-
mizes their expected revenue

• When channels are allocated directly by the
regulator to the users using an efficient auc-
tion such as the Vickrey auction

The intervention of the operators in the spec-
trum distribution process is shown to introduce
significant efficiency loss, which increases with
the number of channels. If one of the two opera-
tors is socially aware while the other is a selfish
revenue maximizing entity, a simple method to
increase the overall efficiency of the hierarchical
allocation is to have the regulator allocate more
channels to the efficient operator and fewer to
the selfish operator. In Fig. 6b we have plotted
the efficiency of the system when the regulator
allocates 20 channels to the two operators, each
one serving 30 users. Initially, the operators
receive an equal number of channels. Next, the
regulator allocates more channels to the efficient
operator and fewer to the selfish operator by
properly tuning a scalar parameter we call chan-
nel allocation imbalance. Finally, when the imbal-
ance value is 10, all 20 channels are allocated to
the socially aware operator, which increases the
overall efficiency.

CONCLUSIONS
We have explained the contribution of auctions
in spectrum allocation in dynamic spectrum mar-
kets. The complex spectrum transactions among
network entities, the spatiotemporal channel and
flow dynamics, as well as the multiple hierar-
chies among entities necessitate a fresh look at
auction design for spectrum management.
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