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Abstract—Cognitive radio (CR) technology is considered to
be an effective solution to enhance overall spectrum efficiency,
whereas a primary radio network (PRN) typically does not fully
utilize an available spectrum. However, to realize the CR concept,
it is essential to provide enough incentives to PRNs and extra
revenue to the service provider such that CR mobile stations
(CR-MSs) may accordingly utilize PRN spectrum bands, which
provides a new challenge for spectrum management. In this paper,
we consider a PRN consisting of a primary system base station
(PS-BS) and multiple primary system mobile stations (PS-MSs),
and we, therefore, construct a CR network (CRN) consisting of a
PRN with multiple CR-MSs. We propose a spectrum-management
policy framework based on the Vickrey auction such that CR-MSs
can compete for utilization of the PRN spectrum bands avail-
able for opportunistic transmission of CR-MSs. PRN users are
granted incentives at a discounting factor to access spectrum
bands and are being compensated for possible operating inter-
ference from CR-MSs, whereas the interference is constrained
under a tolerance level without losing satisfaction for the PS-MSs.
Once CR-MSs are granted spectrum bands, they can utilize the
spectrum bands for a certain duration with no spectrum handoff.
Consequently, in addition to incentives to the PRN, the overall
spectrum utilization, the profit of the service provider, and the
opportunity to access the spectrum for the CR-MSs are enhanced
to achieve a co-win situation for every involved party in CRNs. Re-
alistic simulations by incorporating pretty bad channel conditions
into system operations show the robust operation of our proposed
system, which enables the CR concept.

Index Terms—Auction theory, blocking rate, cognitive radio
network (CRN), dynamic spectrum access, network economy,
queuing theory, spectrum management, spectrum utilization.

I. INTRODUCTION

UE to the dramatically increasing demand for a spectrum

and underutilization of a spectrum, spectrum-efficient
technology is highly necessary. The study supported by the Fed-
eral Communications Commission has shown that traditional
fixed spectrum allocation policy is inadequate in addressing
today’s rapidly growing wireless communication [1]. It also
shows many allocated spectrum blocks that are unused in
certain geographical areas or idle most of the time [1]. These
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unused spectrum blocks are known as spectrum white space or
spectrum holes. Dynamic spectrum access is proposed to re-
solve the challenge of insufficient spectrum utilization [2]—[5].
With a dynamic spectrum-sharing scheme, the spectrum hole
or spectrum opportunity that is generated from the spectrum of
licensed users (i.e., primary users) can be exploited to improve
the utilization and, consequently, the revenue of a network
operator.

Dynamic spectrum access/sharing is based on the technol-
ogy of cognitive radios (CRs). CR technology is based on
software-defined radio technology, which is proposed to en-
hance adaptability and flexibility of wireless transmission such
that a CR has the ability to observe, learn, optimize, and
change the transmission parameter according to the ambient
radio environment [6]-[8]. Such capability of CRs enables
dynamic spectrum access/sharing. CRs share the spectrum of
a primary radio network (PRN) with license in an opportunistic
way [9]-[13]. To facilitate dynamic spectrum sharing, spectrum
management, together with an appropriate economic model,
is required for all four involved parties in the CR network
(CRN) scenario—the spectrum regulator (i.e., general public
interests), the service provider (i.e., the operator), PRN users
(i.e., licensed users or primary users), and CRs (i.e., unli-
censed users or secondary users)—through spectrum pricing
and radio-resource allocation. The spectrum regulator wishes
to fully utilize spectrum bands; the service provider wishes
to increase his or her profit (by increasing the revenue) with
limited spectrum bands by allowing CRs to access the spectrum
bands of PRNs; the PRN users wish to share the increasing
profit of the service provider as incentives to allow CRs with-
out losing quality of service (QoS) or with constrained QoS,
and CRs wish to increase opportunity of accessing spectrum
bands and be guaranteed a certain degree of QoS. Because
CRs cannot induce any interference (or possible interference
under some minimum service constraint) to primary system
mobile stations (PS-MSs), CRs have some constraints to utilize
the spectrum bands of PRNs. Therefore, CRs wish to utilize
the spectrum bands of PRNs as secondary users while surely
paying lesser (or no more) than the PRN users. There may
be conflict or cooperation among the four involved parties
so that the wishes of each party can be satisfied. Game the-
ory is a fundamental technology that can solve conflict or
cooperation problem among involved parties and has been
considered as a useful technology for spectrum management in
CRNSs. Game theory has also been used for resource manage-
ment (e.g., transmission rate control, admission control [14],
and power control [14]-[17]) and can also be used to solve
spectrum pricing. Auction theory is an extreme tool in game
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theory. It is a method that can determine the value of a
community that is undetermined or the variable value price and
is designed to allocate resources more efficiently. If we attempt
to satisfy all involved four parties, spectrum pricing with an
auction method must be considered.

In this paper, we propose a novel spectrum-management
policy based on auction theory to construct the co-win situation
that simultaneously satisfies all four parties. For a spectrum
regulator, it takes care of general public interests and can signif-
icantly improve spectrum utilization. For the service provider,
it can also increase its profit by allowing CRs to significantly
compete in the spectrum bands of PRNs. For PRN users, they
can have a discounting factor to access spectrum bands, as shar-
ing the increasing profit of the service provider and the possible
interference from CRs can be constrained under a certain level
that PRN users can tolerate without losing satisfaction from
PRN users. Furthermore, since PRN users suffered interference
from CRs, they can be compensated for the interference. For
CRs, they can gain new opportunity of accessing the spectrum
bands of PRNs. Once they are granted the spectrum bands,
each of them can be guaranteed a certain duration to utilize
the spectrum bands with no spectrum handoff. Hence, the QoS
of CRs can also be warranted to a certain degree. However, to
constrain the interference to PRN users from CRs, the service
provider only allows CRs to compete in the portion of the
spectrum bands of PRNs per superframe basis, and the portion
of the spectrum bands is determined from the constraint on the
interference to PRN users. CRs that attempt to pay lesser (or
no more) than the PRN users to utilize the spectrum bands of
PRN’s as secondary users can compete in the portion of the spec-
trum bands of PRNs with CRs by using the auction principle
while surely paying less (or no more) to utilize the spectrum
bands. For an auction, the price of accessing spectrum bands is
determined from CRs (i.e., bidders). A class of auctions, i.e.,
the multiunit sealed-bid auction (i.e., the Vickrey auction), is
suitable to execute in a determinable time with an acceptable
signaling effort in comparison to the English (sequential) auc-
tion [18]-[20]. The Vickrey auction can also allocate unused
spectrum bands to CRs faster, which is more efficient than
the traditional English auction in limited duration and meets
economic efficiency in which the spectrum bands can be al-
located to the CRs valuing them most [18]. Thus, the Vickrey
auction is adopted for CRs in our spectrum-management policy.
In the end, a realistic simulation by incorporating high channel
errors in system operations is considered to examine the robust
operation of our proposed system. When channel errors occur,
the CRs may fail to compete in utilizing the spectrum bands of
PRN5s during an auction process so that the profit of the service
provider and spectrum utilization may decrease.

The major contributions of this paper are as follows.

1) We propose a novel spectrum-management policy that
simultaneously considers and satisfies the four involved
parties (i.e., the spectrum regulator, the service provider,
PRN users, and CRs) such that co-win situation can
warrant successful deployment of CR operation.

2) To the best of our knowledge, this is the first paper that
not only considers how to avoid any inference to PRN

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 59, NO. 4, MAY 2010

users from CRs but also further considers the incentives
of PRN users to allow CRs to utilize the spectrum bands
of PRNs.

3) The Vickrey auction is a kind of multiunit sealed-bid
auction and is used to implement a pricing model. It
can efficiently allocate multiunits (i.e., multiple spectrum
bands) to bidders (i.e., CRs) at a time and meet economic
efficiency.

4) Extensive performance analysis and simulations are pre-
sented for the spectrum-management policy and give an
insight into the spectrum-management challenge.

The rest of this paper is organized as follows. In Section II,
we review and discuss the related works. The system model
and assumptions are described in Section III. In Section IV,
we propose a spectrum-management policy and formulate the
policy. In Section V, the problem of spectrum-management
policy is formulated and optimized. Section VI presents the
performance evaluation results to verify the policy. In the end,
conclusions are stated in Section VIL.

II. RELATED WORKS

There are excellent efforts that solve spectrum pricing and
try to satisfy all involved parties via game theory or auction
theory in CRNs. Reference [21] mainly focuses on developing
solutions for wireless secondary users to successfully compete
with each other in the limited and time-varying spectrum op-
portunities based on auction, given the experienced dynamics in
the wireless network. Reference [22] considers the problem of
spectrum sharing among a primary user and multiple secondary
users, formulates this problem as an oligopoly market compe-
tition, and uses a noncooperative game to execute the spectrum
allocation for secondary users. Reference [23] considers a key
challenge in operating CRs in a self-organizing (ad hoc) net-
work to adaptively and efficiently allocate transmission power
and spectrum among CRs (i.e., secondary users), according to
ambient surroundings without disturbing primary users. Refer-
ence [24] proposes a pricing-based collusion-resistant dynamic
spectrum-allocation approach not only to optimize overall spec-
trum efficiency but also to combat the collusion among self-
ish secondary users. The collusion behavior among secondary
users may seriously deteriorate the efficiency for wireless
networks. Reference [25] investigates three different pricing
models (i.e., market-equilibrium, competitive, and cooperative)
via game theory among service providers and secondary users.
Reference [26] considers the interaction between primary users
(or service providers) and secondary users who can adapt the
spectrum-buying behavior by observing the variations in price
and QoS offered by primary users (or service providers) via the
evolutionary game. Reference [27] adopts a second-price auc-
tion mechanism to solve spectrum pricing among an auctioneer
(i.e., the service provider) and secondary users and looks into
the problem of maximizing the revenue of the service provider
while satisfying the QoS of secondary users. Reference [28]
proposes an efficient mechanism for multiwinner spectrum
auction, which is a novel concept and can efficiently improve
spectrum utilization with collusion-resistant pricing strategies
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between the service provider and secondary users. The collu-
sion behavior among secondary users may decrease the revenue
of service providers. Reference [29] addresses the problem of
spectrum pricing in a CRN where multiple service providers
compete with each other to offer spectrum-access opportunities
to secondary users under the QoS constraint for primary users.
Therefore, these excellent explorations still lack a complete
study of the satisfactions of all involved parties. In this paper,
we propose a spectrum management policy based on auction
to simultaneously consider and satisfy the four involved parties
(i.e., the spectrum regulator, the service provider, primary users,
and secondary users) in CRNSs. It is important to consider or
satisfy all four involved parties such that CR deployment can
come true.

To realize the CR concept, it is essential to provide enough
incentives to PRNs and extra profit to the service provider
so that CR mobile stations (CR-MSs) may accordingly utilize
the PRN spectrum. The incentive to the PRN is, therefore,
provided by compensating the PRN with the portion of extra
profit for the interference from CR-MSs to allow CR-MSs to
access the spectrum. These CR-MSs compete in the unused
spectrum bands of the PRN with CR-MSs by using the Vickrey
auction principle. However, the QoS of PRN users to allow
operation of CR-MSs is another essential factor of spectrum
management but is not included in the mechanism in [30],
although co-win among four parties has been discussed. In this
paper, we, therefore, consider the QoS of PRN users through
the blocking rate of PS-MSs to ensure a more complete and
realistic study. We further allow PRN users to access spectrum
bands at a discount rate as one sort of their incentives and
can, therefore, derive optimal solution to satisfy all involved
parties, while [30] could not explicitly reach this result. Further-
more, we conduct a more-realistic system verification to show
the robust operation of our proposed spectrum-management
policy in realistic channels.

III. SYSTEM MODEL

We first summarize the important notations that are used
in this paper in Table I. In the following, these notations are
presented and explained in detail.

A. Network Topology

The network topology of the CRN is shown in Fig. 1. We
consider an infrastructure CRN as defined in [9] and shown
in Fig. 1. Fig. 1 consists of a service provider, a primary
system base station (PS-BS), several PS-MSs (i.e., PRN users
or primary users), and CR-MSs (i.e., CRs or secondary users)
in the CRN. We construct a new superframe to synchronize
the behavior of PS-MSs and CR-MSs. The service provider
provides spectrum bands to all users (i.e., PS-MSs and CR-
MSs) via the PS-BS and possesses a total of K spectrum bands.
The numbers of PS-MSs and CR-MSs are time variant. Each
spectrum band can only be utilized by one PS-MS or CR-MS at
a time. Each user can only access one spectrum band at a time,
cannot construct any connection to another user, and can only
communicate with the service provider via the PS-BS.
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TABLE 1
IMPORTANT NOTATIONS USED IN THIS PAPER
notation description
Ap The arrival rate of PS-MSs
N¢ The number of CR-MSs attempting to
compete in spectrum bands per superframe duration
Tg A superframe duration, Ts = Tec + DT'p
D Number of data frames in a superframe
« Discounting factor for PS-MSs to utilize spectrum bands
5 The constrained blocking rate for PS-MSs
Qps Price rate to utilize spectrum bands per control
or data frame duration for PS-MSs
Qcr Price rate to utilize spectrum bands
per data frame duration for CR-MSs
Rp The revenue from PS-MSs
Re The revenue from CR-MSs
f() Function of private value of CR-MSs
() Compensating function for PS-MSs
1 The index of frames in a superframe
B Blocked numbers of PS-MSs per control frame
or data frame duration
Pg Blocking rate for PS-MSs per control frame or
data frame duration
nps Spectrum utilization of PRN only
NCR Spectrum utilization of CRN
K Number of spectrum bands of the service provider
K Number of spectrum bands allocated to CR-MSs
KM The maximum number of spectrum bands
allocated to CR-MSs
K The optimal number of spectrum bands allocated to CR-MSs
Pe Packet error rate (PER)

Service Provider

Fig. 1. Network topology of the CRN.

B. Superframe Structure

The superframe illustrated in Fig. 2 consists of one control
frame and D data frames. The control frame consists of T
time slots, and each data frame consists of Tp time slots. For
simplicity, we assume that T~ is equal to Tp in our system
model. The frames in a superframe are indexed by I, [ =
1,..., D + 1. The control frame is indexed by I = 1. The first
data frame is indexed by I = 2, the second frame is indexed
by I =3, and so on. We assume that every superframe in
each spectrum band starts simultaneously. Every superframe
duration is set as Ts (i.e., T's = T¢ + DTp).

C. Traffic Model

For two different kinds of users (i.e., PS-MSs and CR-MSs),
two different traffic models have been considered for them.
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Superframe (s-1) Superframe (s) Superframe (s+1)

T¢ Time Slots, 7)) Time Slots

Control Frame| Data Frame 1 | Data Frame 2| _._._... Data Frame D
=1 =2 =3 =D+1
Tc +DTp Time Slots

Fig. 2. Structure of a superframe.

1) PS-MS: If any spectrum band of the service provider is
free, PS-MSs can access one of them in any control or data
frame. The arrival of PS-MSs is a Poisson arrival with arrival
rate Ap. The service time of PS-MSs is T (i.e., one control
frame) or Tp (i.e., one data frame). It depends on what kind
of frames they access. Once a PS-MS accesses any spectrum
band, the service of the PS-MS starts at the beginning of the
next control frame or data-frame duration.

2) CR-MS: CR-MSs are only allowed to compete in the
spectrum bands of the PRN in one control-frame duration and
can utilize the spectrum bands with D data-frame duration
without any spectrum handoff. Therefore, the service time of
CR-MSs is DT'p (i.e., D data frames). In one control-frame
duration, the service provider determines which CR-MSs can
access spectrum bands via the Vickrey auction, and then, the
CR-MSs determined by the service provider can access the
following D data frames with no spectrum handoff. We assume
that each CR-MS has the same constant arrival rate and that
there are N CR-MSs attempting to compete in the portion of
the spectrum bands of the PRN that can be allocated to CR-MSs
without losing satisfaction for PS-MSs in every control frame.
In the general case, N¢ is larger than the number of spectrum
bands of the service provider. Thus, in this paper, we consider
the critical case that N¢ is larger or equal to the total number of
spectrum bands of the service provider K. The service of CR-
MSs would start at the beginning of the first data-frame duration
(ie., I =2).

D. Compensating Mechanism Model

The operating interference that CR-MSs induce to the PS-
MS may result in outage to block PS-MS traffic. Assuming
a cellular-type system, the service provider can measure the
interference by using the number of blocked data frames that
PS-MSs suffer (denoted as B) due to the occupation of the
CR-MSs. The blocking rate for PS-MSs (denoted as Pgp) is
defined as the probability that PS-MSs attempting to utilize
spectrum bands are blocked. The service provider depends
on the measurement of the blocked numbers (i.e., B) to pay
C(B) to the PS-MSs as the compensation per data frame,
where C'(B) is a compensating function and depends on B.
We constrain the interference (i.e., the blocking rate for PS-
MSs Pg) under a tolerance level (denoted as (3) that the PS-
MSs can tolerate without losing satisfaction for the PS-MSs.
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The compensation C'(B) is considered as an incentive for
PS-MSs to allow CR-MSs. Hence, the compensation is the cost
of the service provider.

Because we attempt to constrain the blocking rate for
PS-MSs (i.e., Pp) under a certain tolerance level 3, the general
approach is to reverse some spectrum bands for PS-MSs such
that Pp can be constrained under (5 [31]. We must calculate
the number of the portions of spectrum bands (denoted as
K;) that can be allocated to CR-MSs without violating the
constraint (i.e., Pg < [3). To determine K, we first formulate
the probability mass function of the number of PS-MSs arriving
in one control-frame or one data-frame duration. It is given by

e*)\pTD ()\PTD)m

P(M =m) = -

1

where M is the random variable of the number of PS-MSs
arriving in one control-frame or one data-frame duration.
All possible K can be obtained by

o0

>

m=K-K;+1

Py = P(M =m) < §. ®

We set KM as the maximum number of all possible K; such
that Pp would not violate the constraint (i.e., Pg < [3). Thus,
K can be from 0 to KlM.

E. Pricing Model

The service provider also has two different pricing models
for them.

1) PS-MSs: Current wireless networks adopt a fixed pricing
strategy that mobile users are charged with a flat rate or based
on the volume (the time or the number of packets) of traffic.
The major advantage of this strategy is that the billing and
accounting process is simple [31]. Thus, the service provider
charges the price of the PS-MSs that utilize spectrum bands at
a flat rate (1 — «)@ pgs per data-frame duration or per control-
frame duration, where « is the discounting factor that the ser-
vice provider shares its extra profit with PS-MSs for collecting
incentives to allow CR-MSs. We denote the revenue from PS-
MSs as Rp.

2) CR-MSs: The service provider charges the price of the
CR-MSs that utilize spectrum bands at a dynamic rate Qcp
per data-frame duration. The service provider needs a spectrum
allocating method to allocate the portion of the spectrum bands
of the PRN (i.e., K; spectrum bands) to the right CR-MSs 1) at
the earliest time and 2) with the highest offer(s) in auction. The
Vickrey auction methodology satisfies the above requirements.
Therefore, (Qcr is based on the auction method. We first
introduce the basic auction model and then obtain the pricing
model for CR-MSs.

Suppose that there are N CR-MSs attempting to compete
in the K spectrum bands that can be allocated to them with
a constraint on the blocking rate for PS-MSs (i.e., Pp) under
(3 for PS-MSs, where N¢o > K, and K; < K. The ith CR-MS
(i.e., the ¢th bidder) assigns a private value (i.e., the maximum
amount a CR-MS is willing to pay) X; for a spectrum band,
i =1,2,..., Nc. We assume that all CR-MSs are risk neutral
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(i.e., they attempt to seek to maximize their expected profit).
For simplicity, we assume that each private value of CR-MSs
is independent identically distributed with a probability density
function (pdf) f. The pdf f depends on (1 — @)Qps, Ts, K,
and so on. We can rewrite f as f(z|(1 — a)Qps,Ts, K7, .. .).
Because each CR-MS wishes to utilize the spectrum bands
while paying lesser (or no more) than the PRN users, X;
has an up-bound value (1 — a)Qpg for i =1,..., N¢. Let
Y1,Ys, ..., YN, be arearrangement of Xy, X, ..., Xy such
that Y7 > Y5 > --- > Y, . The K; of No CR-MSs that have
higher bids are granted to utilize the K spectrum bands. For
the K; CR-MSs, the service provider charges them with Yy, 1
(i.e., Qcr = Yk, +1). We can obtain the revenue from CR-MSs
based on Q¢ and denote it as R¢.

From Sections III-D and E, we can obtain the profit of the
service provider P, (i.e., P, = Rp + Rc — C(B)).

IV. SPECTRUM-MANAGEMENT POLICY
AND FORMULATION

We propose a spectrum management policy algorithm to
meet the co-win situation among the four involved parties.
We refer to our proposed spectrum-management policy for the
CRN as SMP, and the policy operates as follows.

A. SMP

1) To constrain the blocking rate for PS-MSs (i.e., Pp)
under the certain tolerance level 3. The service provider
first determines the number of spectrum bands (i.e., K;)
that can be allocated to CR-MSs such that Pp is con-
strained under 3, and K can be obtained from (2), where
K, < KM.

2) At the beginning of the control frame (i.e., the first frame
in a superframe), there are Np (D + 1) PS-MSs that come
from the (D + 1)th frame duration in a superframe (i.e.,
I = D + 1 or the Dth data frame) and attempt to utilize
the spectrum bands.

a) If Np(D + 1) > K, K spectrum bands are first allo-
cated to the K of the Np(D + 1) PS-MSs based on
the first-come—first-serve (FCFS) principle.

b) If Np(D + 1) < K, Np(D + 1) spectrum bands are
allocated to the Np(D + 1) PS-MSs.

c) The service provider allocates K; spectrum bands
to CR-MSs in the following D data frames via the
PS-BS.

3) If K; >0, the PS-BS announces an auction process
to all CR-MSs that are located in the communication
region of the PS-BS. We reasonably assume that the
auction process can be finished in one control-frame
duration. The auction process consists of three processes:
announcing, bidding, and permitting.

a) Announcing: The PS-BS informs that there are K;
spectrum bands to be allocated to all CR-MSs within
the communication range of the PS-BS.

b) Bidding: When all CR-MSs correctly receive the an-
nouncing information and N¢ of the CR-MSs attempt
to utilize the K spectrum bands, each CR-MS would
submit a bid to the PS-BS.

1927

c) Permitting: If the PS-BS correctly receives the bids
from the No CR-MSs, it would permit K; of the
N¢ CR-MSs with higher submitted bids to utilize the
spectrum bands for D data frames with no spectrum
handoff. We assume that the No CR-MSs would fully
utilize the D data frames at a time in each auction
process.

4) At the beginning of the Ith frame, Np(I — 1) PS-MSs
that come from the (I — 1)th frame duration and attempt
to utilize spectrum bands can utilize K — K spectrum
bands for I =2,3,...,D + 1 (i.e., data frames). How-
ever, K; spectrum bands have been allocated to CR-MSs
for D data-frame duration without any spectrum handoff.
Therefore, the following hold.

a) If Np(I — 1) < K — K|, the CR-MSs that utilize the
K spectrum bands would not interfere with PS-MSs
(i.e., blocking PS-MSs).

b) Otherwise, the CR-MSs would block the Np(I —
1) = (K — K;) of Np(I —1) PS-MSs. In this case,
the service provider compensates the Np(l — 1) —
(K — K;) PS-MSs for the interference.

5) The remaining procedure is repeated from steps 1 to 4.

From the spectrum-management policy algorithm, we at-

tempt to know whether the service provider can gain extra profit
and the spectrum utilization can be increased. In Section IV-B,
we study the profit of the service provider and the utilization
of spectrum bands per superframe duration by examining the
behaviors of PS-MSs and CR-MSs.

B. Complexity of the SMP

Here, we analyze the complexity of our proposed SMP. Via
detailed observation, the service provider needs O(K) arith-
metic operations to find whether Py exceeds 3 when the service
provider allocates K spectrum bands to CR-MSs from (2) in
step 1. Therefore, the service provider needs O (K ?) arithmetic
operations to find all possible K; in step 1. In step 3c (i.e.,
permitting process in the auction process), the service provider
needs to sort all submitted N bids and then choose K; of N¢&
based on the values of these bids. In this permitting process, if
the service provider adopts a binary tree sort algorithm to sort
the N¢ bids, O(N¢ log N¢) arithmetic operations are needed
[32]. From the discussion above, the service provider needs
O(K?N¢ log N¢) arithmetic operations to execute the SMP.
We consider a benchmark algorithm in [33] that also considers a
CRN that secondary users share a set of channels with a primary
network, and the complexity of the algorithm is O(K N¢?). In
general, the number of spectrum bands in a cellular network
is limited (i.e., K is finite) and is not significantly large. N2
dominates the complexity. Therefore, our proposed SMP enjoys
advantage in complexity.

C. Formulation of the SMP

Based on the number of spectrum bands that can be allo-
cated to CR-MSs with a constraint on the blocking rate for
PS-MSs under 3 for PS-MSs (i.e., K;), we formulate the
expected revenue from PS-MSs per superframe duration, the
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PR-MSs CR-MSs

Fig. 3. Queuing model of the user’s behavior.

expected revenue from CR-MSs per superframe duration, and
the expected cost from the compensation per superframe dura-
tion to determine the expected profit of the service provider per
superframe duration. Furthermore, here, we could also deter-
mine the average utilization of spectrum bands per superframe
duration.

1) Expected Profit of the Service Provider per Superframe
Duration:

a) Behavior of PS-MSs and CR-MSs: We model the be-
havior of PS-MSs and CR-MSs via a queuing model consisting
of a PS-BS with K servers (i.e., K spectrum bands) in Fig. 3.
This queuing model has two classes of users (i.e., PS-MSs
and CR-MSs). For PS-MSs, the queuing model of the PS-
BSis M/D/K/FCFS, that is, Poisson arrival, deterministic
service, and K spectrum bands with the FCFS principle; the
aggregate interarrival rate of PS-MSs is Ap. For CR-MSs, the
queuing model is D51 /D /K;/PR — A, that is, deterministic
bulk arrival, deterministic service time, K; servers (i.e., a total
of K spectrum bands can be allocated to CR-MSs) with a
priority principle based on the auction process (denoted as
PR-A), and the interarrival time is a superframe duration 7.
We assume that the service time utilized by each PS-MS is
Tp or T (i.e., one data-frame or one control-frame duration),
and the service time utilized by CR-MSs is DTp (i.e., D data-
frame duration). The service of PS-MSs starts at the beginning
of one control-frame duration or one data-frame duration. The
service of CR-MSs starts in the beginning of the first data-frame
duration.

b) Expected revenue from PS-MSs per superframe dura-
tion: Because PS-MSs can have a discounting factor to utilize
spectrum bands as an incentive to allow CR-MSs to compete
in the spectrum bands of the PRN, the service provider charges
the price of the PS-MSs that utilize spectrum bands at a flat rate
(1 — a)@ps per control-frame or data-frame duration, where
« is the discount rate (0 < v < 1). Thus, the expected revenue
from the PS-MSs per superframe duration is given by

K
E[Rp] = ) (1 —a)QpsmP(M =m)

m=1
+K Y (1-a)QpsP(M =m)
m=K+1
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KK,
+D|(1-a)Qps Z mP(M = m)

m=1
+ (1 - )Qps(K — K))

o]

Sy

m=K—-K;+1

P(M =m) 3)

where M is a random variable of the number of PS-MSs
arriving in a control-frame or a data-frame duration, and we set
m as the value of M. The first two terms are the expected rev-
enue in a control-frame duration. When the number of PS-MSs
arriving in the (D + 1)th frame duration (i.e., m = Np(D +
1)) is smaller than or equal to K (i.e., m < K), the service
provider can get m(1 — a)@pg in a control-frame duration.
Otherwise, the service provider can get K (1 — a)Qps. The
last two terms are the expected revenue in D data frames. In
a control-frame duration, the service provider allocates at most
K spectrum bands to CR-MSs such that the blocking rate for
PS-MSs (i.e., P(B)) is smaller than 5. We assume that there
are No CR-MSs that attempt to compete in the K; spectrum
bands in one control-frame duration, and N¢ is always larger
than K. Therefore, there are ' — K spectrum bands that PS-
MSs can utilize. In the Ith frame duration, when Np(I — 1) <
(K — K)) (ie., m < (K — K;)), the service provider can get
m(l —a)Qps,forI =2,3,...,D + 1. Otherwise, the service
provider can get (K — K;)(1 — a)Qps.

c) Expected revenue from CR-MSs per superframe dura-
tion: For simplification, we assume N to be a constant in each
round of the auction process per superframe basis. The service
provider uses the Vickrey auction to charge CR-MSs via the
PS-BS. The PS-BS picks up K; of the No CR-MSs according
to the auction process. The CR-MSs with higher bids can be
permitted to utilize the K spectrum bands with no spectrum
handoff. According to the Vickrey auction [34], the revenue
from the CR-MSs per superframe duration is K; DY, 11 (i.e.,
Qcr = Yk, +1), where K is the total CR-MSs that are granted
to utilize the K spectrum bands in a control frame duration,
D is the number of data frames that CR-MSs can utilize in a
superframe duration, and Y, 11 is the (K + 1)th highest bid
among the No CR-MSs.

Before obtaining the expected revenue from CR-MSs per
superframe duration, we must know the cumulative distribution
function of Y, 11, which can be formulated from [34] and is
given by

Nc
> ()rwra-rwret @

FYKZ+1 (y) = i
i=Nc—K;

where F'(y) is the cumulative function of f(y), which is the
pdf of the private value of CR-MSs, and N¢ is the number
of CR-MSs that attempt to compete in the K; spectrum bands.
Thus, the pdf of Yk, 1 can be obtained by deviating (5) and is
given by

B Ne!
T KI(No—K, - 1)

fYKl+1 (y) !f(y)F(y)N07K171

x(1-Fy)™ . )
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The expected revenue from CR-MSs per superframe duration is
obtained by integrating (5) with y and is given by

E[Rc] = KID/yKl!(N
0

x F(yyNe 51 (1 — F(y)" dy. (6)

Ne!
“K - 1)

f()

d) Expected cost from the compensation per superframe
duration: We derive the numbers of the blocked data frame
for PS-MSs per superframe duration (CR-MSs only occupy
data frames) and use our proposed compensation mechanism
model to calculate the expected cost of the service provider
per superframe duration. The expected number of blocked data
frames per superframe duration is given by

K
E[B]:D{ > m— (K- K)|P(M=m)
m=K-K;+1
+K Y P(M:m)}. (7)
m=K+1

CR-MSs have been granted to utilize K; spectrum bands. If
there are m PS-MSs arriving in each data-frame duration, and
m is between K — K; + 1 and K, then there are m — (K —
K;) blocked data frames for PS-MSs. If m is larger than or
equal to K, then there are at most K; blocked data frames
(CR-MSs only occupy K spectrum bands). The arrival of each
PS-MS in one data-frame duration is a Poisson arrival and
is independent of each other. Thus, PS-MSs have the same
expected number of blocked data frames in each data frame.
We can just multiply D of the numbers of blocked data frames
per data-frame duration to stand for B. Thus, we obtain the
expected cost per superframe duration F[C(B)] as

K

>

m=K-K;+1

E[C(B)] =D C (m — (K — K;)) P(M = m)

+C(K) Y P(M:m)] (8)

m=K+1

where C'(+), depending on B, is the compensating function for
the PS-MSs that are blocked by CR-MSs. The compensation
mechanism is also considered as the sharing revenue of the
service provider with PS-MSs by setting the compensating
function such that the service provider can provide enough
incentives for PS-MSs to allow CR-MSs to compete in the
spectrum bands of the PRN.

e) Expected profit of the service provider per superframe
duration: The expected profit of the service provider per super-
frame duration is given by

E[P,] = E[Rp] + E[Rc] — E[C(B)] ®

where E[Rp], E[R¢], and E[C(B)] have been formulated in
(3), (6), and (8), respectively.

In Section IV-C2, we formulate the average spectrum utiliza-
tion per superframe duration and the improvement of spectrum

1929

utilization by allowing CR-MSs to compete in the spectrum
bands of the PRN.

2) Average Spectrum Utilization per Superframe Duration:
The average system utilization of the CRN per superframe
duration is given by

1
"R =K (DTp + Tc)

K 00
x{[sz(M:mHK > P(M=m)|T¢
m=0 m=K+1
K-K;
+D| > mP(M=m)+ (K- K)
m=0
x Z P(M =m) TD} (10)
m=K-K;+1

where K(DTp + T¢) is a superframe duration for all K
spectrum bands; the first two terms are utilized by PS-MSs in
a control frame duration, and the third and fourth terms are the
durations utilized by PS-MSs in D data-frame duration. When
there are m PS-MSs arriving in the (D + 1)th frame duration
and m < K, all m PS-MSs can utilize spectrum bands in the
first frame duration (i.e., the control frame). Otherwise, a total
of K spectrum bands are utilized by K of the m PS-MSs. When
there are m PS-MSs arriving in the (I — 1)th frame duration
and m < K — K, all m PS-MSs can utilize the spectrum bands
in the [th frame duration for I = 2,3, ..., D + 1. Otherwise, a
total of K — K spectrum bands are utilized by K — K of the
m PS-MSs in the Ith frame duration for I =2,3,..., D + 1.

The average system utilization without CR-MSs per super-
frame duration can be obtained from (10) by setting K; equal
to zero and is given by

1
S =K (DT + Te)

K 00
X { Y mP(M=m)+K > PM=m)|Tc
m=0 m=K+1
+D | > mP(M =m)
m=0

+K > P(M=m)
m=K+1

Y

TD}

where K (DTp + T¢) is a superframe duration for all K
spectrum bands, the first two terms are utilized by PS-MSs in
a control frame duration, and the third and fourth terms are the
duration utilized by PS-MSs in D data-frame duration. When
there are m PS-MSs arriving in the (D + 1)th frame duration
and m < K, all the m PS-MSs can utilize spectrum bands
in the first frame duration. Otherwise, a total of K spectrum
bands are utilized by K of the m PS-MSs. When there are m
PS-MSs arriving in the (I — 1)th frame duration and m < K,
all the m PS-MSs can utilize the spectrum bands in the Ith
frame duration for I = 2,3,..., D + 1. Otherwise, a total of
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K spectrum bands are utilized by K of the m PS-MSs in the
Ith frame duration for I = 2,3,...,D + 1.

V. OPTIMAL SPECTRUM-MANAGEMENT POLICY

Based on our system model and spectrum-management pol-
icy, due to the fact that the extra profit of the service provider
is obtained by allowing CR-MSs to compete in the spectrum
bands of the PRN, PRN users can share the extra profit of the
service provider by allowing a discounting factor o. Since PRN
users suffered interference from CR-MSs, they can be com-
pensated for the interference based on a compensation function
[i.e., C(+)]. The service provider guarantees that once CR-MSs
are granted the spectrum bands, each of them can be guaranteed
a superframe duration (i.e., T's) to utilize without any spectrum
handoff. However, the service provider only allows CR-MSs
to compete in the spectrum bands of the PRN per superframe
basis, and CR-MSs cannot induce the blocking rate for PS-MSs
to be more than 3. Thus, CR-MSs attempt to pay lesser (or
no more) than PRN users to utilize the spectrum as secondary
users (i.e., Qcr < Qps). We denote the spectrum utilization
of the CRN as 7n¢g and the spectrum utilization of the PRN
(i.e., without allowing CR-MSs to compete in spectrum bands)
as pg. The spectrum regulator that cares about the spectrum
utilization efficiently attempts to increase spectrum utilization
(i.e., ncr > nps). When the service provider satisfies the spec-
trum regulator, PRN users, and CR-MSs, the service provider
attempts to maximize its profit by optimizing the number of
spectrum bands that are allocated to CR-MSs (i.e., K;) with
a constraint on the blocking rate for PS-MSs from CR-MSs
under a tolerance level 3. From the optimal SMP [see (12)], the
service provider can earn its profit gain by finding the optimal
K. We formulate our problem as follows.

Given \p, Ts, K, D, 8, C(-), f(-), a, and Qpg, the
parameters are described in Table I. Our problem formulation
is as follows:

Maximize E[P,.] = E[Rp] + E[Rc] — E[C(B)]
Subjectto  Pp < 3, Qcr < Qps

where E[Rp], E[R¢], and E[C(B)] have been formulated in
(3), (6), and (8), respectively. From (3), (6), and (8), we know
that K is the factor of these equations when the above parame-
ters are given. The complexity of our proposed policy has been
discussed in Section IV-B and is given by O(K?N¢ log N¢).
Thus, we can use greedy search to find the optimal K that
reaches the optimal SMP problem [i.e., (12)].

NcRr = NPS, (12)

VI. PERFORMANCE EVALUATION

Here, a numerical example is considered to verify the per-
formance of our spectrum management policy in Section VI-A,
and performance evaluation results are shown in Section VI-B.

A. Simulation Parameter Setup

We consider a CRN consisting of one primary system net-
work (PRN) with a PS-BS and several PS-MSs (i.e., primary
users) and several CR-MSs (i.e., or secondary users), as in
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Fig. 1. The total number of spectrum bands that are available to
the service provider is K = 10. The service provider allocates
spectrum bands to all mobile users via the PS-BS. The time
slots of the control frame and data frames in a superframe are
normalized as T = Tp = 1. The usage of an allocated spec-
trum with utilization ranges from 15% to 85% [1]. However,
when the spectrum utilization of the PRN is larger than 50%,
the blocking rate for the PRN users is larger than 3, which
is set as 0.02, which is a value that mobile users can tolerate
[35]. Therefore, we consider that the spectrum utilization of
the PRN is 15%, 30%, and 45%, respectively, by setting Ap
as 1.5, 3.0, and 4.5, respectively, from (11). The number of
CR-MSs attempting to compete in the spectrum bands of the
PRN per superframe basis is No = 15. Each CR-MS utilizes
D data frames at a time, and we consider D =1,2,...,7 in
our evaluations. We would take a different value of D to verify
our performance. The cost that the service provider charges PS-
MSs is normalized as Qps = 1, and the discounting factor «
for PS-MSs to utilize spectrum bands ranges from 0 to 1. We
consider a simple pdf of f that is a private value function of
CR-MSs to value spectrum bands and only depends on Qpg
and a. Because CR-MSs attempt to utilize spectrum bands as
secondary users while paying lesser (or no more) than the PRN
users, the private value of each CR-MSs has an upper bound
(1 — a)Qps, and we set the lower bound as o(1 — @)@ ps. The
common approach is to use a uniform distribution for f. Thus,
f is given by
fz) = {Ola)ghs’ foro(1 — q)st <z <(1-a)@ps
0, for otherwise
(13)

where 0 < o <1, and o is set as 0.5. We set a new random
variable U(u) as follows to normalize the random variable
X () in which the pdf is given by (13):

x—o(l—a)Qps

YT 16— a)Qps (14)

Thus, the random variable of u follows a uniform distribution
on the unit interval. The pdf of Y, 1 (5) can be reduced to

NC! chKlfl(li K, (15)

fYKl+1(u): Kl'(NC_Kl_l)'u U)
which is a beta distribution with parameters (N — K, K; +
1) [36]. Thus, the expected revenue from CR-MSs (E[R¢]) is
as follows:

Ne— K,

Bfel= | Vvt

(10)(1a)QPs+J(1a)Qp5] DK;.
(16)

In our proposed compensation mechanism, if the PS-MSs
are interfered with one data-frame duration by CR-MSs, they
can be free to utilize one data-frame duration, and the PS-MSs
have higher priority to utilize the spectrum bands in the next
data-frame duration. Thus, a simple compensation function is
given by

C(B) = B(1 - a)Qps )
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The expected cost per superframe duration E[C(B)] can be
reduced from (8) as

K
E[C(B)] =D Z (1-2)Qps
m=K-K;+1
x [m— (K —K)] P(M=m)
+(1-a)Qpsk; Z P(M=m)p. (18)
m=K+1

Consequently, we obtain the expected profit for the service
provider per superframe duration from (3), (16), and (18) in our
example.

However, we assume that the channel is ideal in our deriva-
tions. Therefore, the packets of the auction process (i.e., an-
nouncing, bidding, and permitting packets) can be correctly
transmitted between the PS-BS and CR-MSs. If we consider
more realistic simulations by incorporating channel errors and
interference in system operations, the channel errors could be
categorized as a bit error rate (or a packet error rate) so that
CR-MSs would miss the auction process and cannot compete in
the spectrum bands of the PRN during the auction process. To
ensure smooth system operation, it is required to examine the
spectrum utilization and the profit of the service provider due
to the CR-MSs missing the auction. More precisely, we include
this more realistic simulation to examine the robust operation
of the proposed system.

In our simulations, the packet error rate (denoted as P,) is set
as 107! or 1072, which is a pretty bad channel condition (i.e., a
system pretty bad operating condition) from the PS-BS to CR-
MSs (i.e., the auction downlink) or from CR-MSs to the PS-BS
(i.e., the auction uplink).

B. Performance Enhancement for Four Parties

From our simulations, when P. is 1072, the performance
would be consistent with analytical results. When P, is 107!,
only the profit of the service provider is slightly lower than the
analytical results. The more detailed results are shown in the
following.

1) Performance Versus K; (the Number of Spectrum Bands
That Are Allocated to CR-MSs): In Fig. 4, when K is smaller
than 6, the expected profit E[Pro] with P, = 10! in npg =
45% is larger than E[Pro] with P, = 107! in npgs = 30% or
15% due to the higher spectrum utilization. However, when
K is larger than 6, E[Pro] with P, = 107! in npg = 45% is
smaller than E[Pro] with P, = 10! innpg = 15% or 30% due
to the high compensation cost from the higher blocking rate
shown in Fig. 5. We define the incremental profit of the service
provider (denoted as E[Pro}incre) as follows:

E[Pro] — E[Pro]nocr

EP incre —
[ rO] E[Pro]noCR

19)

where E[Pro]nocr is the profit of the service provider without
CR-MSs. The maximum gain of the incremental profit with
P. =10"" can reach 197.79% (i.e., E[Proincre = 197.79%)
in nps =15%, 72.69% in nps =30%, and 30.35% in

1931
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Fig. 4. Expected profit per superframe duration (E[Pro]) versus K; (the
number of spectrum bands of the PRN allocated to CR-MSs). Given D (the

number of data frames in a superframe) is 4 and « (the discounting factor for
PS-MS:s to utilize spectrum bands) is 0.1.
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nps=1 5%—Analytical
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Fig. 5. Blocking rate Pp versus K; (the number of the spectrum bands of
the PRN allocated to CR-MSs). Given D (the number of data frames in a
superframe) is 4, and o (the discounting factor for PS-MSs to utilize spectrum
bands) is 0.1.

nps = 45%. However, the corresponding blocking rate is
0.1912, 0.1847, and 0.2971, respectively, in Fig. 5, which are
larger than 5 = 0.02, and we resolve it later. From Figs. 4 and 6,
we observe that CR-MSs can contribute the more profits to the
service provider in the lower spectrum utilization. We also show
the spectrum utilization of the CRN (i.e., ncg) in Fig. 7. When
K increases (i.e., the service provider allocates more spectrum
bands to CR-MSs in one control frame), nop also increases.
The spectrum utilization can be improved more than 80% when
K is 10. In Fig. 5, we show that the blocking rate for PS-MSs
(i.e., Pp) increases when K increases. When K is larger than
6, 3, and 1 in nps = 15%, 30%, and 45%, respectively, the
blocking rate Pp would be larger than 3 (i.e., 0.02). Although
the spectrum utilization and the profit of the service provider
can significantly increase in the high K, it would induce the
blocking rate Pp larger than g (i.e., 0.02) in the nontolerance
range.
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Fig. 6. Incremental profit (E[Pro]ipcre = F[Pro] — E[Pro]nocr/E[Pro]nocr)
versus K (the number of the spectrum bands of the PRN allocated to
CR-MSs). Given D (the number of data frames in a superframe) is 4, and «
(the discounting factor for PS-MSs to utilize spectrum bands) is 0.1.
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Fig. 7. Spectrum utilization of the CRN (ncr) versus K; (the number of the
spectrum bands of the PRN allocated to CR-MSs). Given D (the number of
data frames in a superframe) is 4, and « (the discounting factor for PS-MSs to
utilize spectrum bands) is 0.1.

To satisfy the constraint of 3, we use greedy search to find the
optimal K of the optimal SMP problem [i.e., (12)] satisfying
the four involved parties at the same time. The result is summa-
rized in Table II, and we observe that 1) the average spectrum
utilization per superframe duration for which the spectrum
regulator cares improves significantly (from 7ps to ncor);
2) the expected profit per superframe duration (i.e., E[Pro])
for which the service provider cares greatly improves; 3) the
blocking rate (i.e., Pp) for which PS-MSs care is constrained
under a tolerance level (i.e., 5 = 0.02); and 4) the opportunity
of accessing the spectrum bands for CR-MSs increases (such
that they can share six of 10 PRN spectrum bands in npg =
15%, three of 10 spectrum bands of the PRN in nps = 30%,
and one of 10 spectrum bands of the PRN in npg = 45%,
respectively) even when P, is 1071,

2) Performance Versus D (the Number of Data Frames in
a Superframe): We further discuss the effect of the number of
data frames in a superframe. When CR-MSs can utilize more
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TABLE 1II
OPTIMAL SOLUTION FOR THE OPTIMAL SMP PROBLEM
Ap =15 |Ap=3.0[{Ap =4.5
Optimal K (i.e., K[) (Theo.) 6 3 1
Optimal K (i.e., Kl*)
with P, = 10~1 (Simu.) 6.0023 3.0015 0.9996
K 10 10 10
E[Pro] (Theo.) 23.45 22.83 23.46
E[Pro] with P. = 10~ (Simu.)| 21.6147 22.3355 | 23.3559
E[Prolincre (Theo.) 212.68% 52.20% 4.49%
E[Prolincre with
P. =10""1 (Simu.) 188.1970% | 48.9225% | 4.0406%
ncr (Theo.) 62.81% 53.86% | 52.76%
nor with
P. =10"1 (Simu.) 62.7916% |53.8873%(52.7114%
nps 15% 30% 45%
Pg (Theo.) 0.0186 0.0119 0.0171
Pp with P. =10~ (Simu.) 0.0185 0.0121 0.0170
3 0.02 0.02 0.02
6 * —— * * —x—
nPS:15%—AnaIyticaI
—#—1pg=15%-Simulation with Pg = 107"
5r — — —Mpg=80%-Analytical I
—6—Npg=30%-Simulation with P, = 107"
4r - —-nPS:45%—AnaIyticaI
2 Npg=45%-Simulation with Pg = 107"
3¢— I
2t J
1_7777_»7_,777777;_;;7777_4_
1 2 3 4 5 6 7

Fig. 8. K| (the optimal number of the spectrum that can be allocated to
CR-MSs) versus D (the number of data frames in a superframe). Given « (the
discounting factor for PS-MSs to utilize spectrum bands) is 0.1.

data frames at a time, the service provider can set the number
of data frames in a superframe to be larger. From Fig. 8, the
optimal K; does not vary with D, even when P. is 107
Because the number of spectrum bands that are allocated to CR-
MSs is decided in one control frame and fixed in the following
data frame, the blocking rate (i.e., Pg) would not vary with
D. Thus, the value of D does not affect the incentives of PRN
users. The opportunity of accessing the spectrum bands of CR-
MSs does not decrease with D, but CR-MSs can utilize more
data frames at a time. From Fig. 9, when D increases, the
incremental profit with P, = 10~! also increases, particularly
when the spectrum utilization of the PRN (i.e., npg) is low.
From Fig. 10, when D increases, ¢ increases.

From the above discussions, if CR-MSs can utilize more data
frames in one superframe, the satisfaction of PRN users are not
affected, the service provider can collect more profits, and more
spectrum utilization can be achieved, which satisfies all four
parties.

3) Performance Versus « (the Discounting Factor for PS-
MSs to Utilize Spectrum Bands): From Fig. 11, when the
discounting factor « is smaller than 0.6, 0.3, and 0.1 for npg =
15%, 30%, and 45%, respectively, the service provider can
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Fig. 10. Spectrum utilization of the CRN (ncgr) versus D (the number of
data frames in a superframe). Given « (the discounting factor for PS-MSs to
utilize spectrum bands) is 0.1.

increase its profit in P, = 107! (i.e., E[Prolinere With P, =
10~ > 0). If the spectrum utilization of the PRN (i.e., 7ps)
is larger and the service provider still can earn extra profit,
the discounting factor is smaller. When npg reaches 50%, the
discounting factor « is close to zero (i.e., the PRN users cannot
share the extra profit of the service provider).

From our simulation results, we show that the four involved
parties (the spectrum regulator, the service provider, PRN users,
and CR-MSs) are satisfied at the optimal value K, and the
simulation results are also close to the analytical results, even
when P, is 107!. For the spectrum regulator, the spectrum
utilization increases significantly. For the service provider, the
overall profit also increases significantly. For PRN users, they
have a discounting factor to access spectrum bands; the block-
ing rate for PS-MSs (i.e., Pp) can also be constrained under
a tolerance level (3, which the PRN users can tolerate without
losing satisfaction for the PS-MSs and can be compensated for
any delay service from CR-MSs (if they are blocked one data
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Fig. 11. Incremental profit (E[Pro]incre = E[Pro] — E[Projnocr/

E[Pro]nocr) versus « (the discounting factor for PS-MSs to utilize spectrum
bands). Given D (the number of data frames in a superframe) is 4.

frame due to the occupation of CR-MSs, they can have free
charge to utilize the next data frame). For CR-MSs, they gain
the new opportunity of accessing spectrum bands by paying less
(or no more) than the PRN users to utilize the spectrum bands
as secondary users. The QoS of CR-MSs can also be warranted
to a certain degree by granting certain duration (i.e., D data-
frame duration) to utilize spectrum bands with no spectrum
handoff. If CR-MSs can utilize more data frames at a time,
the four involved parties can be more satisfied. Therefore, our
proposed spectrum-management policy can construct a co-win
situation among the four parties, particularly when the spectrum
utilization of the PRN (i.e., npg) is low.

VII. CONCLUSION

We have considered an environment consisting of a primary
system network (PRN) and several CR-MSs that attempt to
compete in utilizing the spectrum bands of the PRN. We
have presented a spectrum-management policy to obtain a co-
win situation among the four involved parties (the spectrum
regulator, the service provider, PRN users, and CR-MSs) in
CRNSs. The spectrum regulator significantly improves the over-
all spectrum utilization. The service provider greatly improves
its profit by allowing CR-MSs (i.e., secondary users). The PRN
users (i.e., PS-MSs or primary users) can share the increasing
profit of the service provider by using a discounting factor to
utilize spectrum bands. The PRN users may suffer the possible
interference (i.e., blocking rate) from CR-MSs, which is also
constrained under a certain tolerance 3 that the PS-MSs can
tolerate without losing satisfaction for the PS-MSs. Since PS-
MSs suffered interference from CR-MSs, PS-MSs can be com-
pensated for the operating interference from CR-MSs by the
service provider. CR-MSs gain new opportunities of accessing
spectrum bands by sharing the portion of the spectrum bands of
the PRN. Once the CR-MSs are granted to utilize the spectrum
bands, the QoS of CR-MSs are warranted to a certain degree by
being granted a certain duration (i.e., D data-frame duration) to
utilize with no spectrum handoff. However, the service provider
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only allows CR-MSs to compete in the spectrum bands per
superframe basis, and CR-MSs cannot induce the blocking rate
for PS-MSs by more than 3 CR-MSs would attempt to pay
less (or no more) than PS-MSs to utilize the spectrum bands
as secondary users, and CR-MSs can pay less (or no more) by
an auction process. To allocate the spectrum as fast as possible
in one control-frame duration and meet economic efficiency, the
Vickrey auction is proposed to price CR-MSs.

From performance evaluations, even under pretty bad chan-
nel conditions, the average spectrum utilization per superframe
duration significantly increases, and the expected profit of the
service provider per superframe duration also increases signif-
icantly; CR-MSs gain a new opportunity to access spectrum
bands by sharing the portion of the spectrum bands of the PRN,
particularly when the spectrum utilization of the PRN (i.e.,
nps) is not high. The blocking rate for PS-MSs remains con-
strained under (. Thus, our proposed spectrum-management
policy can practically satisfy all four involved parties and is
still robust under pretty bad existing channel conditions (i.e.,
the packet error rate is 1071) to enable the practical operation
of CRs.
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