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Abstract—We consider a wireless cognitive radio network in
which a set of secondary users (SUs) opportunistically utilize the
wireless spectrum licensed to the primary users (PUs) to transmit
packets to the secondary base station (SBS). It is challenging to
maximize the spectrum utilization while limiting the interference
imposed to PUs due to SUs. To achieve the optimal tradeoff
between the spectrum utilization and the interference caused
by SUs, we propose the adaptive spectrum sharing schemes for
code division multiple access (CDMA) based cognitive medium
access control (MAC) in the uplink communications over the
cognitive radio networks. Our proposed schemes address the
joint problems of channel sensing, data transmission, and power
and rate allocations. Under our proposed schemes, the SUs
can adaptively select between the intrusive spectrum sharing
and the non-intrusive spectrum sharing operations to transmit
data to SBS based on the channel utilization, traffic load, and
interference constraints. Our proposed schemes enable the SUs
to efficiently utilize the available frequency spectrum which is
licensed to the PUs while stringently limiting the interference
to the PUs. Also conducted are extensive simulations to validate
and evaluate our proposed schemes, which show the superiority
of our proposed schemes as compared with the other schemes.

Index Terms—Cognitive radio networks, code division multiple
access (CDMA), power control, dynamic spectrum access (DSA),
decision process.

I. INTRODUCTION

THE TRADITIONAL fixed spectrum allocation method
in which the spectrum bands are assigned statically to

wireless services results in the spectral under-utilization. As
it is reported in recent literature, there is a large amount
of spectrum band that is under-utilized [1]. This motivates
the concept of dynamic spectrum access (DSA) that allows
secondary users (SUs) in the secondary cognitive radio net-
works to opportunistically use the vacant spectrum which is
not being used by the primary users (PUs). On one hand, by
allowing opportunistic spectrum access, the overall spectrum
utilization can be improved. On the other hand, transmissions
by SUs inevitably introduce harmful interference to PUs.
Therefore, one of the most critical design criteria for cognitive
radio networks is to maintain a balance between the two
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contradictory goals: i) minimizing the interference imposed to
the PUs and ii) maximizing the overall spectrum utilization.
According to the relationship between the PUs’ and SUs’

signals, the approaches to implement the cognitive radio
networks can be categorized into three types, namely over-
lay, underlay, and interweave [2]. For the overlay approach
(e.g., [3]), the PUs’ and SUs’ signals can co-exist at the same
frequency band simultaneously. The key idea of the overlay
approach is that SUs may use a part of their energy to assist the
communications of PUs through cooperative communications
techniques and the rest of the energy to transmit their own
signals. As a result, the interference from the SUs’ signals
can be compensated with the gain for the PUs’ signal quality
through the cooperation of the SUs. However, the implemen-
tation of the overlay approach requires that the SUs know the
PUs’ packets before the PUs begin their transmissions, which
is not practical in the realistic cognitive radio networks.
Thus, in this paper we mainly focus on the rest two

approaches. First, in the underlay approach the PUs’ and
SUs’ signals can also co-exist at the same frequency band
simultaneously. In particular, the SUs can “share” the licensed
spectrum with the PUs simultaneously by using spread spec-
trum techniques, such as ultrawide band (UWB) and code
division multiple access (CDMA). Thus, the SUs transmit
signals in such a low power level that the interference caused
by the SUs is below the noise floor of the spectrum. In other
words, in the view point of PUs, the transmissions by SUs
are nothing but noise with the low-level power. Since the PU
cannot perceive the existence of SUs, we also call the underlay
approach as the non-intrusive spectrum sharing scheme.
Second, in the interweave approach the SUs opportunisti-

cally exploit the spectral holes to communicate. Specifically,
the SUs frequently sense the channel. When the SUs discover
that the PUs are absent from the licensed spectrum, the SUs
do not need to worry about the interference temperature
constraint1 of PUs and can significantly relax the power
constraints imposed onto SUs as compared with the underlay
approach. In other words, the SUs can fully take over the
licensed spectrum, and thus adopt any transmit power level
which is not limited by the PUs. For the ideal case where
the SUs can be synchronized with the PUs and the perfect

1The interference temperature constraint is defined as the maximum accept-
able level of RF interference at the receiver antenna in the frequency band
of interest. In other words, any transmission is considered to be harmful if it
increases the noise floor above the interference-temperature constraint.
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sensing can be achieved, SUs do not impose any interference
to PUs. However, due to half-duplex of the wireless radio,
SUs cannot sense the channel while transmitting their own
signals simultaneously, which implies that the SUs cannot
accurately know when the PUs become active again, especially
when the SUs are not synchronized with PUs. Therefore,
the SUs may result in the scenarios where the PUs cannot
correctly transmit/receive signals for a certain period, which
significantly impairs the performance of PUs. In this sense, we
call the interweave approach as the intrusive spectrum sharing
scheme.
It is clear that there exist both advantages and disadvantages

for the intrusive and non-intrusive spectrum sharing schemes,
respectively. In particular, the non-intrusive spectrum sharing
scheme is more conservative than the intrusive spectrum
sharing scheme in terms of power constraints, and thus causes
the less interference to the PUs. On the other hand, the
intrusive spectrum sharing scheme can utilize the entire vacant
spectrum without considering any interference temperature
constraint for PUs, if the channel is sensed and found to be
idle. However, when the SUs perform the channel sensing, all
of the SUs should keep their radios silent in order to obtain
an accurate sensing outcome. During this silent period, no
transmissions can be made, which implies that the channel
sensing is an overhead for the system. The sensing overhead
is considerable, especially when the more accurate sensing
is required. Moreover, the intrusive spectrum sharing scheme
may cause the direct interference to PUs if the PUs become
active and re-utilize their spectrum when SUs are transmitting.
To achieve the optimal tradeoff between the interference

imposed onto the PUs and the overall spectrum utilization,
in this paper we propose the opportunistic spectrum sharing
schemes for the adaptive CDMA medium access control
(MAC) in the uplink cognitive radio networks, which com-
bines the intrusive and non-intrusive spectrum sharing schemes
together. In particular, under our proposed schemes, the SUs
can adaptively select either the intrusive spectrum sharing
or non-intrusive spectrum sharing schemes to transmit data
based on the channel utilization, traffic load, and interference
constraints. Our proposed schemes take into consideration the
joint channel sensing and data transmissions, and power and
rate allocations.
The rest of this paper is organized as follows. Section II

discusses the related work. Section III describes the system
models. Section IV addresses power and rate allocations of
CDMA uplink communications and develops our proposed
schemes. Section V evaluates the performance of our proposed
schemes. The paper concludes with Section VI.

II. THE RELATED WORKS

The cognitive radio technology has received extensive at-
tention since it was first conceived in 2000 [4]. The cognitive
radio is typically built up on top of the software-defined
radio (SDR) technology, in which the transmitter’s operating
parameters, such as frequency range, modulation type, and
maximum transmit power can be altered by software [5]–
[7]. There has been already a large body of literature in the
interweave (intrusive) and underlay (non-intrusive) spectrum

sharing approaches. The interweave based joint transmission
and sensing schemes for the much simpler cases of the time-
slotted cognitive radio networks can be found in [8]–[10].
For the non-time-slotted cognitive radio networks, the au-

thors of [11] proposed a cognitive MAC protocol aiming
to opportunistically utilize the TV broadcast bands. In [12],
we developed an interference-duration constrained cognitive
MAC protocol for the asynchronous cognitive radio networks.
The authors of [13] proposed a underlay-based opportunistic
spectrum accessing scheme, which limits the power of sec-
ondary signal to satisfy the QoS constraints of the PUs. The
authors of [14] studied the underlay approach by formulating
a dynamic game where the strategy of a SU is selected
solely based on the pricing information. However, the afore-
mentioned works utilize either the intrusive-spectrum sharing
scheme alone or the non-intrusive spectrum sharing scheme
only, each of which alone cannot high-efficiently utilize the
spectrum. Our schemes proposed in this paper integrate the
intrusive and non-intrusive spectrum sharing schemes together,
and adaptively select the spectrum sharing modes based on the
channel utilization, traffic load, and interference constraints.
There are also existing literatures on the CDMA-based

underlay spectrum sharing approaches. The authors of [15]
proposed a code assignment scheme for the SUs in the
asynchronous CDMA underlay cognitive radio networks over
multipath fading channels, which aims at minimizing inter-
ference caused to the PUs. The authors of [16] focused on
the CDMA-based underlay cognitive radio systems where
the PUs can increase transmit power to counterbalance the
harmful interference caused by the SUs. In particular, they
studied the relationship among the interference threshold of
SUs, the transmit rate of SUs, and the transmit power of
PUs. In [17], the authors proposed a two-phase channel and
power allocation scheme for the underlay-based multi-cell
cognitive radio networks to improve the system throughput
which is defined as the total number of simultaneously served
subscribers. In contrast to these existing works on the CDMA-
based underlay spectrum sharing approaches, in this paper
we formulate and tackle the more comprehensive joint power
and rate allocation problems in the intrusive and non-intrusive
spectrum sharing schemes for CDMA-based cognitive radio
networks.
Channel sensing/probing, which provides the real-time

spectrum information required by the spectrum sharing ap-
proaches, is also a critical part for the cognitive radio net-
works. In [10], we developed the efficient collaborative sens-
ing scheme for the multi-channel wireless networks. The au-
thors of [18] developed a game-theoretic sensing algorithm for
multi-channel wireless networks. The authors of [19] proposed
to use the spectrum sensor cluster to enhance the accuracy of
the sensing outcome. The authors in [20] studied the optimal
sensing duration which can maximize the SUs’ achievable
throughput. The authors of [21] presented an adaptive sensing
scheduling scheme based on the channel conditions, which
aims at maximizing the spectrum efficiency of the cognitive
radio operations. The authors of [22] developed the relay
sensing schemes that exploits the spatial diversity in differ-
ent SUs to improve the spectrum sensing capabilities. The
cooperative sensing strategies were also studied in [23], [24].
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Fig. 1. Illustration of the CDMA-based secondary (users) network. The
sub-figure on the bottom right corner shows the detailed topology of the
secondary (users) network. The secondary (users) network consists of a set
of SUs and a secondary base station (SBS). The SUs transmit data to the
SBS by opportunistically accessing the licensed spectrum of the PUs in the
primary (users) network.

Unlike the previous works, which utilize the channel sensing
outcome only for the current transmission operation, in this
paper we propose to utilize the channel sensing outcome not
only to determine the spectrum sharing modes, but also to
predict the PUs’ activities (whether the PUs will re-occupy the
spectrum during SUs’ transmissions) to significantly reduce
the interference caused by the SUs.

III. THE SYSTEM MODELS

A. The Network Model

We consider a single-hop cognitive radio network as shown
in Fig. 1. The cognitive radio network consists of a set of
SUs and a secondary base station (SBS). There is a primary
network located adjacent to the cognitive radio network. In
the primary network, a primary base station (PBS) broadcasts
packets to its PUs through the downlink channel over a
licensed spectrum band. In this paper, we mainly focus on
the primary networks consisting of the stationary PBS and
PUs, and thus assume that the secondary network has a priori
knowledge about the locations of the stationary PBS and the
stationary PUs, which is common and reasonable in many
existing practical cases2, especially with the increasing support
for cognitive radio networks by the governmental authority. In
addition, we assume that the SBS has the dedicated downlink
channel to communicate with the SUs without interfering the
PUs. Thus, we do not need to consider the interference from
the SBS to the PUs.
The PBS does not always occupy the channel. Due to the

radio signal path loss and the PBS’s frequent vacancy, the SUs
may opportunistically utilize the licensed spectrum to access
the SBS by using the intrusive/non-intrusive spectrum sharing
modes. We assume that the distance between the PBS and

2As one of examples, the location of the stationary PBS and PUs in
New York City can be found in http://www.city-data.com/city/New-York-
New-York.html. For another example, in the fixed-WiMAX based last-hop
broadband access networks, the locations for the stationary WiMAX basesta-
tion (i.e., PBS) and the stationary subscribed WiMAX end-users (i.e., PUs)
can be known by inquiring the telecommunication carriers.

SBS is larger than the effective transmission range of the PBS.
Under this assumption, the PBS has little interference on the
uplinks of the cognitive radio network. The SUs communicate
with the SBS through CDMA uplinks. As shown in Fig. 1,
the PUs on the boundary, which is specified by the coverage
range (see Fig. 1) of the primary network, between the primary
network and the secondary network can be interfered by the
SUs during the intrusive spectrum sharing mode operated by
the cognitive radio network. We need to upper-bound the
transmit power levels of the SUs to protect the right of the
PUs on the boundary.
The downlink and uplink communications of the cognitive

radio network is implemented in a time division manner. For
the cognitive radio network, the time is partitioned into frames.
Each frame includes an downlink subframe and a uplink
subframe. During the downlink subframe, the SBS broadcasts
the power allocations, and the decisions of operation modes to
the SUs. Then, during the following uplink subframe, the SUs
transmit packets with the assigned transmit power. The uplink
communication is based on CDMA. Following the CDMA
power allocations, the SBS can receive and correctly decode
the SUs’ packets simultaneously.

B. The Primary Channel Model

The licensed primary channel is modeled as an alternating
renewal process which switches between ON and OFF states.
The ON (or OFF) state represents that the PBS is (or is
not) broadcasting packets to the PUs. The licensed channel
state switches between ON and OFF states based on the
PUs’ activity. For an alternating renewal channel, let random
variables τ1 and τ0 represent the sojourn times of ON and
OFF states, respectively. Without loss of generality, we assume
that τ1 is independent of τ0. Denote by Aτ1(s) and Aτ0(s)
the probability density functions (pdf) for the durations of the
licensed channel’s ON state and OFF state, respectively. Then,
we can get the probability, denoted by u, that the channel is
in its ON state at an arbitrary time instance as follows:

u =

∫∞
0 sAτ1(s)ds∫∞

0 sAτ1(s)ds +
∫∞
0 sAτ0(s)ds

=
τ1

τ1 + τ0
, (1)

where τ1 and τ0 are the mean sojourn times of ON and OFF
states, respectively. Note that in fact u is the channel utilization
with respect to (w.r.t.) PUs. The empirical spectrum mea-
surement data [25], [26] already showed that the heavy-tailed
distributions or exponential-tailed distributions are appropriate
to characterize the duration of the licensed channel’s ON/OFF
state. In this paper, to better analyze our proposed scheme,
we consider the gamma distribution and the two heavy-tailed
distributions, namely, the pareto and lognormal distributions
for the ON/OFF duration distribution of the primary networks.

C. Channel Sensing and Data Transmission Models

When the SUs perform the channel sensing, all of the SUs
should keep their radios silent for a certain amount of time in
order to obtain an accurate sensing outcome. During this silent
period, no transmissions can be made. All of the SUs and SBS
can participate in channel sensing so that the collaborative
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channel sensing can decrease the missed detection probability
and false alarm probability.
Based on the selection of operation modes and sensing

results, the SBS assigns power and rate to the active SUs that
request to transmit packets the SBS. The SUs transmit data
to the SBS simultaneously by using different CDMA codes
according to the assigned power and rate. Denote by N the
set of the active SUs that request for uplink communications.
Denote by W and Ri the channel bandwidth and data rate
for SU i, respectively. Thus, the processing gain for SU i is
W/Ri. Let Pi be the transmit power of SU i. Also, let Gss

j,0

be the channel gain between SU j and the SBS. Thus, the
signal to interference-plus-noise ratio (SINR), denoted by γs

i ,
of SU i’s signal at the SBS can be obtained by [27]

γs
i =

WGss
i,0Pi

Ri

⎛
⎝ 2

3Rc

∑
j∈N\{i}

Gss
j,0Pj + N0

⎞
⎠

(2)

where Rc is the CDMA chip rate that is inversely proportional
to the duration of a CDMA chip and N0 is the power spectral
density of a constant background noise.

IV. OUR PROPOSED OPPORTUNISTIC SPECTRUM SHARING
SCHEMES FOR UPLINK COGNITIVE MAC

A. The Overview of Our Proposed Opportunistic Spectrum
Sharing Schemes

Our proposed opportunistic spectrum sharing schemes,
which aims at achieving the high spectrum utilization for
cognitive radio networks, are the key components of the
CDMA-based uplink cognitive MAC protocol. In our proposed
scheme, the SUs can operate in two transmission modes:
intrusive spectrum sharing mode and non-intrusive spectrum
sharing mode. In the mode of non-intrusive spectrum sharing,
the SUs can “share” the licensed spectrum with the PUs
simultaneously by adapting the transmit power so that the
interference caused by the SUs’ transmissions is below the
noise floor of the spectrum. The SBS makes the power and rate
allocations with the constraint of PUs’ interference constraints.
In the intrusive spectrum sharing mode, the SUs sense the
channel before transmitting. If the channel is idle, then the
SBS can assign power to SUs without being confined by the
PUs’ interference constraints. We design rewarding functions
to determine which spectrum sharing operation should be used
by the SUs based on the channel utilization, the number of
active SUs, and the interference constraints.

B. Power and Rate Allocations

We first focus on the power and rate allocations in CDMA
uplink communications for the non-intrusive and the intrusive
spectrum sharing schemes (modes) which are detailed in the
following two cases, respectively.
CASE 1: Intrusive Spectrum Sharing Mode
Suppose that the power vector for the SUs are given. That

is, the SINR of each SU before despreading at the SBS is
fixed. We search for the optimized processing gain. For the
convenience of presentation, rewriting Eq. (2), we have the

SINR, denoted by γs
i , of the received power of SU i at the

SBS as follows:

γs
i =

WGss
i,0Pi

Ri

(
2

3Rc

∑
j∈N\{i} Gss

j,0Pj + N0

) =
siW

Ri
(3)

where si is the SINR of SU i before despreading and is defined
as

si �
Gss

i,0Pi

2
3Rc

∑
j �=i

Gss
j,0Pj + N0

. (4)

Note that γs
i ≥ si because (W/Ri) ≥ 1.

Let � be the length of a packet. Let κi be the instantaneous
user-priority weighting factor for SU i. The larger the value of
κi for SU i is, the higher priority SU i has. We will elaborate
on the determination of κi in Section IV-G. The goodput,
denoted by ηi, of SU i can be written as:

ηi = κiRi[1 − Y (γs
i )]� = κi

siW

γs
i

[1 − Y (γs
i )]� (5)

where Y (·) is the bit error rate (BER) function, which is the
function of SINR. The form of function Y (·) depends on the
modulation and coding scheme used in the system. Our goal is
to maximize the weighted goodput over all SUs. We formulate
the optimization problem as follows:

P0 : max
∑
i∈N

κiηi (6)

s.t. 0 ≤ Pi ≤ Pmax
i , ∀i ∈ N (7)

where N is the set of the active SUs which request for uplink
communications.
To solve the optimization problem P0, let us first concen-

trate on ηi of a single SU i in Eq. (5). On one hand, the
first component, κisiW/γs

i , of the second equation in Eq. (5)
is a decreasing function with γs

i . On the other hand, Y (γs
i )

is a decreasing function of γs
i . Thus, the second component,

[1−Y (γs
i )]�, of the second equation in Eq. (5) is an increasing

function of γs
i . To find the value of γ

s
i that achieves an extrema

of ηi, we take the first-order derivative of ηi given in Eq. (5)
w.r.t. γs

i :

dηi

dγs
i

=
−κisiW [1 − Y (γs

i )]�−1

(γs
i )2

[
1 − Y (γs

i ) + �γs
i Y ′(γs

i )
]
(8)

where Y ′(·) is the derivative of the BER function Y (·). If
setting Eq. (8) to be equal to 0, then we have

1 − Y (γs
i ) + �γs

i Y ′(γs
i ) = 0. (9)

The roots of Eq. (9) are the extremas of ηi. The number of
possible roots depends on the BER function Y (·) and � only.
Thus, the root for SU i is also the root for any other SUs.
Without loss of generality, let γs

i = γ0, with γ0 > 0, be one
of the solutions, which achieves the local maximum of ηi.
Since the processing gain should be less than or equal to 1,
we haveWsi/γ0 ≤ W , resulting in si ≤ γ0. Thus, the optimal
goodput for SU i is

ηi =

{
κisiW

γ0
[1 − Y (γ0)]

�
, si ≤ γ0

κiW [1 − Y (si)]
�
, si > γ0.

(10)
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Based on Eq. (10), when si > γ0, ηi is not a linear function
of si. We set [1−Y (si)]� to be a constant value. In this sense,
ηi is the linear function of si, implying that maximizing the
objective function in P0 is equivalent to maximize

∑
i∈N κisi

since we have the constant W and γ0 for each SU. Then,
we have the following new power-allocation optimization
problem.
Under the intrusive spectrum sharing mode, we can formu-

late the power-allocation optimization problem, denoted by
P1, as follows:

P1 : max
∑
i∈N

κisi (11)

s.t. 1). 0 ≤ Pi ≤ Pmax
i , ∀i ∈ N (12)

2). si ≤ γ0, ∀i ∈ N (13)

By solving P1, we can derive the optimal SINR, denoted by
sP1i , of SU i under P1’s mode. Then, substituting sP1i into
Eq. (10), we can obtain the optimal goodput, denoted by ηP1i ,
for SU i under P1’s mode. It is worth noting that Eq. (11) is
convex in each component (Pi), but it is not convex over the
entire power vector, which suggests that the Karush-Kuhn-
Tucker conditions are not sufficient for optimality. That is,
taking partial derivatives cannot guarantee global optimality
of a solution. Consequently, we have to optimize the non-
convex function in a very large space. Thus, we need to further
analyze P1.
Theorem 1: The optimal solution to the objective function

given by Eq. (11) lies on the surface of the polyhedron defined
by the constraints given by Eqs. (12) and (13).

Proof: We derive the second-order derivative of the
objective function with respect to Pi as follows:

∂2(
∑

i∈N κisi)
∂P 2

i

=
∑

j∈N\{i}

κjG
ss
j,0Pj(∑

k∈N\{j} Gss
k,0Pk + 3RcN0

2

)3 .

(14)

It is clear that the second-order derivative of the objective
function is always larger than 0. Therefore, the objective
function is convex w.r.t. Pi and the optimal solution lies on
the boundary, which completes the proof.
Theorem 1 characterizes the relationships among the given

SU’s transmit power, throughput, the interference that the SU
imposes to the entire system, and the aggregate throughput
over all SUs. By increasing a given SU’s power, it increases
its own data transmission rate while the data transmission
rates of the other SUs decrease due to the additional multiple
access interference (MAI) caused by the given SU. In contrast,
the decrease of a given SU’s transmit power can lead to the
increase of data transmission rates of the other SUs because
the MAI contributed by the given SU becomes smaller.
Based on Theorem 1, when a given SU increases its transmit
power, the objective function (i.e., weighted system data rate)
maybe initially declines with the loss of data rate because the
additional MAI impairs the increase of data rate caused by
the new SU. However, when the SU keeps increasing transmit
power, the benefit contributed by the SU eventually offsets
the loss of data rate caused by the augmented MAI. Using
Theorem 1, we can observe the following facts.

Fact 1: If maxi∈N (γs
i ) < γ0, then the optimal power

allocation scheme for the intrusive spectrum sharing mode
(i.e., P1) is as follows:

Pi ∈ {0, Pmax
i }, ∀i ∈ N . (15)

Fact 2: The objective function (Eq. (11)) of P1 is convex
w.r.t. each component of the power vector. However, The
objective function is not convex w.r.t. the entire power vector.
For the special case where κi = κj, ∀i �= j ∈ N , we can

have a simple way to obtain the solution to P1. Without loss
of generality, we suppose that

κiG
ss
i,0P

max
i < κjG

ss
j,0P

max
j , ∀i < j (16)

Let |N | be the number of elements in N . We can sort |N |
active SUs based on the criteria given by Eq. (16) in the de-
creasing order of the weighted received power (κiG

ss
i,0P

max
i ).

We call the first n SUs in N as the preferred n SUs, which
are the best SUs in terms of weighted received power at the
SBS. Denote by Nopt, with Nopt ⊂ N , the set of SUs that
transmit at their maximum power for maximizing objective
function Eq. (11). There exists an nopt, with 0 < nopt <
|N |, such that the optimal solutions can be achieved with
Nopt = {1, 2, · · · , nopt}. That is, the optimal solution is
achieved for the first nopt preferred SUs. Thus, for the case
where κi = κj , ∀i �= j ∈ N , we can derive the optimal
power allocation as follows: given the weights κi and channel
gain Gss

i,0, we sort the SUs based on Eq. (16). Then, we need
to find the objective function achieved by the nopt preferred
SUs. Letting Nk be the set of the first k preferred SUs, we
can derive nopt as follows:

nopt =arg max
1≤k≤|N|

∑
1≤i≤k

3κiRc

2γ0

Gss
i,0P

max
i∑

j∈N\{i}G
ss
j,0P

max
j +3N0Rc/2

.

(17)

CASE 2: Non-Intrusive Spectrum Sharing Mode
Compared with the intrusive spectrum sharing operation

mode, the non-intrusive spectrum sharing counterpart needs
to take into consideration the power interference imposed to
the PUs. We need to put more stringent power constraints to
guarantee that the interference caused by the SUs is below
the acceptable noise level in the view point of PUs. In other
words, we need to add a constraint to guarantee that the SINR
of the PUs in the interfering zone is higher than the pre-defined
SINR threshold γp

th.
Let B be the transmit power of the PBS. Let Gsp

j,i be the
average channel gain between SU j and PU i. Let Gpp

0,i be the
average channel gain between the PBS and PU i. Since the
information about the PBS and PUs is known to the secondary
network, the average channel gain can be estimated based on
the distance between the PBS and the PUs. Denote by I the set
of PUs that will be interfered by SUs’ intrusive transmissions.
Due to the presence of the SUs and the corresponding MAI,
we can write the SINR of PU j as follows:

γp
i =

Gpp
0,iB∑

j∈N Gsp
j,iPj + N0

(18)

where N0 is the power spectral density of a constant back-
ground noise.
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Fig. 2. Illustration of our proposed spectrum access schemes. The trans-
mission duration τt depends on τf and the interference constraints. The SUs
may interfere with the PUs when both the SUs and PUs access the spectrum.

Hence, we can formulate the power and rate optimization
for the non-intrusive spectrum sharing operation as follows:

P2 : max
∑
i∈N

κisi (19)

s.t. 1). 0 ≤ Pi ≤ Pmax
i , ∀ı ∈ N (20)

2). γs
i ≥ γ0, ∀i ∈ {k : Pk > 0} (21)

3). γp
i ≥ γp

th, ∀i ∈ I (22)

Similar to P1, the objective function of P2 is also not
convex in the power vector. The solution to P2 also lies on
the boundary determined by the constraints. We can use a
feasible-directions-based method [28] to solve the non-convex
optimization problem of P2. Solving P2, we can derive the
optimal SINR, denoted by sP2i , of SU i under P2’s mode.
Substituting sP2i to Eq. (10), we can get the optimal goodput,
denoted by ηP2i , for SU i under P2’s mode. Note that when the
distances between the SU transmitters and the PU receivers are
far enough, the power and rate optimization problem P2 for
the non-intrusive spectrum sharing mode reduces to the power
and rate optimization problem P1 for the intrusive spectrum
sharing mode.

C. The Interference Probability of Intrusive Spectrum Sharing
Operations

Note that in the intrusive spectrum sharing operation, the
SUs may interfere with the PUs because the SUs and PUs
are not synchronized. We need to investigate the interfering
probability of the intrusive spectrum sharing operations. Let
tsp be the most recent time when the channel switches from
ON to OFF state and tls be the most recent time that the
channel is sensed. Fig. 2 shows the relationship among the
important notations and variables in the spectrum sharing
schemes. If the channel is in OFF state at tls, then the
probability that the channel remains OFF for a certain amount
of time is non-zero, and thus it is possible for the SUs to
perform intrusive spectrum operation. Let τs and τt be the
durations needed by the SUs to sense the channel and transmit
data packets, respectively. Given that the SUs start sensing the
channel at time t, during the channel sensing period, we can
derive the probability, denoted by I(t), that the channel keeps

on being in OFF state as follows:

I(t) =
Pr{duration of OFF state > t + τs − tsp}

Pr{duration of OFF state > tls − tsp}

=

∫∞
t+τs−tsp

Aτ0(s)ds∫∞
tls−tsp

Aτ0(s)ds
=

1 − Cτ0(t + τs − tsp)
1 − Cτ0(tls − tsp)

, (23)

where Cτ0(s) is the cumulative distribution function (cdf) of
the duration of the channel’s OFF state.
During the entire duration of τs, if the channel is in OFF

state, the SUs consider that the channel is idle and can
be opportunistically utilized. In other words, if the channel
remains idle after the channel sensing, based on our proposed
spectrum sharing schemes, the SUs can perform the intrusive
spectrum sharing operations. The SUs may interfere with the
PUs if the PBS resumes broadcasting packets to PUs again
(i.e., the channel transits from OFF to ON) during the SUs’
transmissions. Denote by Q(τt, t) the probability that the SUs
which send packets between t and t + τt will interfere with
PUs, given that the channel is sensed idle at the beginning of
SUs’ attempt to access the channel. Q(τt, t) is equal to the
probability that the channel state flips from OFF to ON during
SUs’ opportunistic transmission, which can be derived as:

Q(τt, t) = 1 − Pr{duration of OFF state > (t + τt − tsp)}
Pr{duration of OFF state > t − tsp}

=
Cτ0(t + τt − tsp) − Cτ0(t − tsp)

1 − Cτ0(t − tsp)
. (24)

and has the following property as described in Proposition 1.
Proposition 1: Q(τt, t) is a monotonically increasing func-

tion of τt.
Proof: Taking a derivation of Q(τt, t) w.r.t. τt, we get

∂Q(τt, t)
∂τt

=
Aτ0(t + τt − tsp)
1 − Cτ0(t − tsp)

. (25)

Since Aτ0(x) > 0 and 0 ≤ Cτ0(x) < 1, ∀x, Q(τt, t) is a
monotonically increasing function of τt.
Proposition 1 states that as the transmission duration τt of

the intrusive spectrum sharing mode increases, the probability
that the SUs interfere with SUs increases.

D. The Optimal Transmission Duration of the Intrusive Spec-
trum Sharing Mode

Since the SUs are not synchronized with the PUs, the prob-
ability Q(τt, t) that the SUs interfere with PUs is non-zero,
and thus the SUs may inevitably cause harmful interference
imposed onto PUs in the intrusive spectrum sharing mode.
We have to limit the maximum interference that is caused by
SUs. We consider two interference constraints, such as power
constraint and time constraint. In the non-intrusive spectrum
sharing, we limit the transmit power of SUs so that the
interference temperature is below PU’s tolerable noise power,
as specified in P2. For the intrusive spectrum sharing, we apply
the constraint in time domain by limiting the amount of time
when the SUs and PUs transmit simultaneously.
We define τf � t − tsp, which is illustrated in Fig. 2, as

the duration elapsed from the most recent channel switching-
time point to the time when SUs attempt to access the channel.
Given that the channel is idle at the beginning of SUs’ attempt
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to access channel and the channel-switch occurs during the
transmission, we can obtain the pdf, denoted by Lτt,τf

(s), for
the residual time of the PUs’ OFF state given that the channel-
switch occurs during the SUs’ transmission as follows:

Lτt,τf
(s) =

{
Aτ0 (s+τf )

Cτ0(τf+τt)−Cτ0(τf ) , 0 < s ≤ τt

0, otherwise
(26)

Then, we can derive the average duration, denoted by
D(τt, τf ), that the SUs interfere with the PUs as Eq. (27),
where Q(τt, tsp +τf) is the probability that PUs are interfered
by SUs’ transmission in the intrusive spectrum sharing mode,
and is given by Eq. (24). For different distributions, we derive
a set of closed-form expressions for Eq. (27) in Appendix A.
As time elapses, the probability that the SUs interfere with

PUs changes. The transmission time τt of the SUs should be
dynamically adjusted with the change of probability that the
SUs interfere with PUs. Let Dth be the interference parameter
for the intrusive spectrum sharing mode. Based on Eq. (27),
let τ∗

t be the maximum allowable transmission time of the
intrusive spectrum sharing mode given τf , i.e.,

τ∗
t = min{τmax

t , max{τt : D(τt, τf ) ≤ Dth}} (28)

where τmax
t is the pre-defined maximum transmission time.

It is worth noting that the larger Dth suggests a longer
transmission duration that the SUs can use, but also the more
interference caused to the PUs.
In our proposed scheme, both the intrusive and non-intrusive

spectrum sharing modes use the CDMA-based access technol-
ogy and use the same spectrum bandwidth that is licensed to
the primary network. These two sharing modes share most
of the transmission and PHY designs. The major difference
between the intrusive and non-intrusive spectrum sharing
modes in terms of transmission parameters of the cognitive
radio is the transmit power levels. Since the transmit power
can be easily adjusted in cognitive radio, it is feasible to switch
between the intrusive and non-intrusive sharing modes in a
real-time manner. In particular, the transmit power adjustment
of a cognitive radio can be implemented in a significantly
shorter time period as compared with the operation periods of
the intrusive and non-intrusive spectrum sharing modes. Thus,
the power-switch time between the intrusive spectrum sharing
mode (P1) and the non-intrusive spectrum sharing mode (P2)
has virtually no impact on the performance of our proposed
scheme.

E. The Selection Between the Intrusive Spectrum Sharing
Mode and the Non-Intrusive Spectrum Sharing Mode

Under our proposed dynamic spectrum access schemes, the
SUs can select between the non-intrusive spectrum access
mode and the intrusive spectrum mode. This section describes

how the SUs select the operation modes. We proceed the
descriptions in the following two cases, respectively.
Case (1): The primary channel is in ON state
Under this case where the primary channel is in ON state,

the only available operation mode for the SUs is non-intrusive
spectrum sharing mode. If the primary channel is sensed as
ON state, the SUs use the non-intrusive spectrum sharing
mode where the total transmit power of the SUs is below
the noise floor for the PUs.
Case (2): The primary channel is in OFF state
In the case where the primary channel is in OFF state,

the SUs can have two options in accessing the primary
channel: intrusive or non-intrusive spectrum sharing modes.
The selection principle is that the SUs choose the spectrum
sharing mode which leads to higher goodput to transmit data
packets to the SBS.
Because the intrusive spectrum sharing mode always starts

with channel sensing and the sensing duration is constant, as
the transmission time decreases, the communication overhead
increases. When the transmission time keeps on decreasing,
the goodput of the intrusive spectrum sharing mode will
eventually be equal to that of the non-intrusive spectrum
sharing mode, and then become lower than that of the non-
intrusive spectrum sharing mode. Note that the non-intrusive
spectrum sharing mode does not require to sense the channel
before transmissions. Then, we can construct a rewarding
function, denoted by ζ(t), in terms of goodput of the non-
intrusive spectrum sharing mode as follows:

ζ(t) =
∑
i∈N

ηP2i , (29)

where ηP2i is the optimal goodput of SU i under P2, which can
be obtained by solving the optimization problem P2 given in
Section IV-B. We can construct another rewarding function,
denoted by θ(t), in terms of the goodput of the intrusive
spectrum sharing mode as follows:

θ(t) = I(t)
(

τ∗
t

τs + τ∗
t

)∑
i∈N

ηP1i + [1 − I(t)]
(

τu − τs

τu

)
ζ(t).

(30)

where ηP1i is the optimal goodput of SU i under P1, which can
be obtained by solving the optimization problem P1 given in
Section IV-B, and τu is the maximum transmission duration
in the non-intrusive spectrum sharing mode. As shown in
Eq. (30), the goodput of the intrusive spectrum sharing mode is
the sum of the following two terms. The first term on the right
hand side of Eq. (30) represents that the SUs can use the higher
transmit power to access the channel if the channel keeps
idle after the channel sensing. In particular, [τ∗

t /(τs + τ∗
t )] in

the first term on the right hand side of Eq. (30) suggests the

D(τt, τf )=
∫ τt

0

Q(τt, tsp + τf )Lτt,τf
(s)(τt − s)ds = Q(τt, tsp + τf )

[
(τt + τf ) − 1

Cτ0(τf + τt) − Cτ0(τf )

∫ τt+τf

τf

tAτ0(t)dt

]

=
1

1 − Cτ0(τf )

{
(τt + τf ) [Cτ0(τf + τt) − Cτ0(τf )] −

∫ τt+τf

τf

tAτ0(t)dt

}
(27)
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overhead of the channel sensing. On the other hand, the second
term on the right hand side of Eq. (30) indicates that the SUs
have to use lower transmit power to share the spectrum with
PUs if the channel is sensed as ON state.
Based on the outcome of ζ(t) and θ(t) at time t, the SBS

selects the spectrum sharing mode which yields the higher
goodput. If τ∗

t is a decreasing function of τf , then the SBS
will always choose the non-intrusive spectrum sharing mode
over the intrusive spectrum sharing mode when τf is larger
than a certain threshold. In other words, the SUs will more
likely choose the non-intrusive spectrum sharing mode without
channel sensing.

F. Mandatory Channel Sensing

Since the information about the channel switching-time
point is critical to our proposed schemes, it is mandatory for
the SUs to periodically sense the channel to detect/estimate the
channel switching-time point in both cases where the primary
channel is in ON or OFF states, which are detailed in the
following two cases, respectively.
Case I: The primary channel is in ON state
Although the non-intrusive spectrum sharing mode does not

require channel sensing, the periodical channel sensing is still
necessary in the case where the primary channel is in ON
state, because the SUs are required to have the knowledge of
the time when the channel switches from ON to OFF state. The
SUs must frequently sense the channel. Fig. 2 illustrates an
example of the mandatory sensing when the primary channel
is in ON state. The sensing period, denoted by τi, depends on
the time elapsing from the last time when the channel switches
from OFF to ON state.
Denote by t′sp and tsp the old channel switching-time point

and the new estimated channel switching-time point between
the two consecutive channel sensings, respectively. We can
derive the probability, denoted by Pcs, that the channel-switch
occurs between two consecutive channel sensings as follows:

Pcs =
Cτ1(τls + τi) − Cτ1(τls)

1 − Cτ1(τls)
(31)

where τls � tls − t′sp is the duration between the most recent
sensing time and the most recent channel switching time,
and Cτ1(t) is the cdf of the licensed channel’s ON state. If
the channel-switch occurs between two consecutive channel
sensings and τls is given, we can derive the pdf, denoted
by ptsp(s, τls), of the new channel switching-time point as
follows:

ptsp(s, τls) =

{
Aτ1(s+τls)

Cτ1(τls+τi)−Cτ1 (τls)
, 0 < s ≤ τi

0, otherwise
(32)

The channel sensing frequency (or channel sensing period)
determines the accuracy of the estimated channel switching-
time point. From the view point of non-intrusive spectrum
sharing, the channel sensing is not helpful and is thus con-
sidered as the pure overhead, which eventually results in
degradation of the goodput. There is a tradeoff between
the accuracy of the estimated channel switching-time point
and the goodput. Specifically, if we have the higher channel
sensing frequency, then we can have the more accurate channel

switching-time point, but lower goodput. In contrast, the lower
channel sensing frequency leads to the more estimation error
of the channel switching-time point and the higher goodput.
Intuitively, when τls is small, the probability that the channel
switches from OFF to ON state is small. Thus, a low channel
sensing frequency is good enough to estimate the channel
switching-time point. On the other hand, when τls is high, the
probability that the channel switches from OFF to ON state is
high, which implies that the high channel sensing frequency
is necessary to accurately detect the channel switching-time
point. In order to minimize the goodput degradation caused
by the channel sensing while guaranteeing the accuracy of
the estimated channel switching-time point, we introduce the
mean squared estimation error for the channel switching-time
point to qualitatively derive the channel sensing period τi

based on the elapsed time τls away from the last channel
switching-time point. We derive the mean squared estimation
error, denoted by ε(τi, tsp), of tsp as follows:

ε(τi, tsp) =
∫ τi

0

(tsp − tls − s)2ptsp(s, τls)ds

=
2(tsp − t′sp)

∫ τls+τi

τls
tAτ1(t)dt−∫ τls+τi

τls
t2Aτ1(t)dt

Cτ1(τls) − Cτ1(τls + τi)
+(tsp − t′sp)

2 (33)

where tls ≤ tsp ≤ tls + τi, and ptsp(s) is the pdf of tsp given
by Eq. (32). For different distributions, we derive a set of the
closed-form expressions for Eq. (33) in Appendix A.
Let t∗sp(τi) be the optimal tsp that minimizes ε(τi, tsp) for

the given τi, which implies:

t∗sp(τi) = argmin
0≤tsp≤τi

ε(τi, tsp) (34)

Define εth as the pre-defined threshold for the mean squared
error of estimated channel switching time. Thus, when the
non-intrusive spectrum sharing mode is adopted, the optimal
sensing period is

τ∗
i = max{τi : ε(τi, t

∗
sp(τi)) ≤ εth} (35)

Case II: The primary channel is in OFF state
When the primary channel is in OFF state, we can use the

intrusive spectrum sharing mode which requires the channel
sensing before SUs’ transmissions. In this case, the channel
sensing is part of the channel accessing process. Essentially,
the channel sensing frequency required by the intrusive spec-
trum sharing mode is higher than that required for channel
switching-time point detection/estimation. In this sense, the
mandatory channel sensing can be already covered by the
channel sensing required in intrusive spectrum sharing mode.

G. The Fairness

Our proposed scheme takes into account the fairness. Since
different SUs may have different service requirements, we
employ a set of weighting factors ωi to represent the different
priorities of the SUs. Our proposed system aims at achieving
the long-term fairness by updating the instantaneous user-
priority weighting factor κi.
Definition 1: The long-term fairness is said to be achieved

if during a long duration of time, the ratios of the aggregated
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transmission rate to the weighting factor for all SUs are the
same, i.e.,

lim
n→∞

∑
n Ri(n)
ωi

= lim
n→∞

∑
n Rj(n)
ωj

, ∀i �= j ∈ S, (36)

where Ri(n) is data rate of the SU i at the n-th round of
spectrum-access and S is the index set of all SUs.
To satisfy Eq. (36), we need to dynamically adjust the in-

stantaneous weights that are used in the optimization problems
including P1 and P2. Let Si(n) be the average transmission
rate for SU i during the pervious n times of attempting
transmissions. The SBS updates Si(n) for SU i once the power
allocation decision is made provided that SU i has a request
for transmission. Note that the SBS does not update Si(n)
for SU i at the round in which SU i does not have anything
to send to SBS. We adopt the Exponential Moving Average
(EMA) to update Si(n) as follows:

Si(n) = δRi(n) + (1 − δ)Si(n − 1) (37)

where δ, with 0 ≤ δ ≤ 1, is a pre-defined constant smoothing
factor. Under EMA, the weighting for the older transmission
rate decreases exponentially, which implies that the unfairness
caused by recent power allocations is more important than
the unfairness contributed by older power allocations. In this
sense, the fairness scheme will put more efforts to compensate
for the unfairness caused by recent power allocations. Thus,
the instantaneous user-priority weighting factor κi for SU i
at the (n + 1)-th spectrum access attempt can be updated by
setting:

κi =
ωi

Si(n)
. (38)

H. The Details of Our Proposed Scheme

Figure 3 shows the detailed pseudo-code of our proposed
scheme. There are two important types of events occurring
in our system: 1) the event of sensing and 2) the event
of spectrum sharing mode selection. The objective of our
proposed scheme is to handle these two types of events by
repeatedly updating the parameters for the events. Let ts and
tm be the triggers for the events of sensing and spectrum
sharing mode selection, respectively. Initially, we set both of
the last sensing time tls and last channel switching-time point
tsp to negative infinity, the sensing trigger ts to zero, and
spectrum sharing mode selection trigger tm to positive infinity.
If the current time is equal to ts, then the sensing event is

triggered. The SUs sense the channel for a duration of τs. If the
channel switches states during the sensing, the SUs update tsp

to the channel switching-time point which the SUs have just
detected. Otherwise, if the channel sensing result is different
from the last sensing result, then the system calculates the new
estimated tsp based on Eq. (34). Then, based on the channel
state, the systems choose the transmit power. If the channel is
idle, the SUs transmit packets to the SBS by using the transmit
power according to the optimal solution to P1 with a duration
of τ∗

t which is calculated by using Eq. (28). In contrast, if
the channel is busy, the SUs use a low transmit power given
by the optimal solution to P2 to access the channel. The SUs

00. Initialize: tls = −∞, tsp = −∞, ts = 0, tm = ∞
01. while(1)
02. t := current time
03. if t = ts //triggered by sensing event
04. sense the channel for the duration of τs

05. if channel switches states during sensing
06. update tsp to be the new channel switching-time point
07. if channel state is different from the last sensing result
08. calculate tsp based on Eq. (34)
09. update t := t + τs, tls := t
10. calculate τi based on Eq. (35)
11. if channel is idle
12. update τf := t − tsp

13. calculate τ∗
t

14. update tm := t + τ∗
t , ts := t + τi

15. assign power and rate according to ηP1i
16. SUs send packets to SBS using intrusive mode for τ∗

t
17. else
18. update ts := t + τi

19. assign power and rate according to ηP2i
20. SUs send packets to SBS using non-intrusive mode
21. if t = tm //triggered by selection of spectrum sharing mode
22. update τf := t − tsp

23. calculate ηP1i and ηP2i , ∀i ∈ N
24. calculate θ(t), ζ(t)
25. if θ(t) < ζ(t)
26. assign power and rate according to ηP2i
27. SUs send packets to SBS using non-intrusive mode
28. update tm := ∞
29. //keep using non-intrusive until next mandatary sensing
30. else
31. update ts := t //sense the channel immediately

Fig. 3. The pseudo code of our proposed schemes for the selection between
the intrusive spectrum sharing mode and the non-intrusive spectrum sharing
mode.

also need to update the new sensing trigger ts and selection
trigger tm.
The event of selecting the spectrum sharing mode is trig-

gered if the current time is equal to tm. There are two options
for the SUs: 1) trying to use the intrusive spectrum sharing
mode by sensing the channel first, or 2) immediately sending
packets to the SBS with a lower transmit power. The SBS
calculates and compares ζ(t) with θ(t). On one hand, if θ(t) is
larger than ζ(t), then the SUs use the non-intrusive spectrum
sharing mode to access the channel. Furthermore, tm is set
to be infinity, which suggests that before the next mandatory
channel sensing, the SUs keep on using the non-intrusive
spectrum sharing mode. On the other hand, if ζ(t) is larger
than θ(t), then the SUs will try to use the intrusive spectrum
sharing mode by setting the sensing trigger ts to be the current
time.

V. PERFORMANCE EVALUATIONS

To conduct the performance evaluations, we simulate our
proposed scheme by using the OMNeT++ [29] simulator. Our
simulated primary and secondary networks have the similar
wireless networks topologies as shown in Fig. 1. In particular,
there is one primary channel with the bandwidth of 50 MHz
licensed to the primary network. There are 1 PBS and 3 PUs
in the primary network and there are 1 SBS and 10 SUs in
the secondary network. The SUs form the wireless-network
cell topology with the SBS being at the center position of
the wireless-network cell. The average distance between the
SUs and the SBS is 1 unit of distance. The average distance
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Fig. 4. The impact of distance between the secondary network and primary
network on the normalized aggregate throughput of our proposed scheme
when the PUs’ traffic follows lognormal distribution.

between PUs and the SBS is 4.3 units of distance. In the
simulations, we set Gss

i,0 = Gss
j,0 and Pmax

i = Pmax
j , ∀i �= j.

The sensing duration is 0.5 ms. The priority weighting factor
ωi for each SU is set to be ωi = 1, ∀i ∈ S (i.e., the equal-
share fairness). Each SU is the persistent data source which
always has data to send with the non-empty queue, implying
that each SU always requests to transmit data to the SBS.

We first study the impact of the distance between the
primary network and secondary network on the throughput of
our proposed scheme. Fig. 4 plots the normalized aggregate
throughput of our proposed scheme against the normalized
distance between the secondary network and primary network
with different channel utilizations of PUs (u) when the PUs’
traffic follows lognormal distribution. Note that the aggregate
throughputs in this paper are normalized by the throughput
of the complete intrusive spectrum accessing mode with zero
channel utilization of PUs. In addition, the distances between
the SU and primary networks are normalized by the average
distance between the SBS and SUs. As shown in Fig. 4, the
normalized aggregate throughput increases as the normalized
distance between the secondary network and primary network
increases because the larger distance between the SU and
primary networks leads to the larger throughput of the non-
intrusive spectrum sharing mode. Furthermore, from Fig. 4, as
the distance between the SU and primary networks increases,
the difference of throughputs between the higher channel
utilization of PUs and lower channel utilization of PUs de-
creases, which is because of the following reasons. When the
distance between the secondary network and primary network
is small, the difference among the throughputs achieved by
the intrusive and non-intrusive spectrum sharing modes is
large, implying that with lower channel utilization of PUs,
the SUs spending more time in non-intrusive spectrum sharing
mode achieves much less throughput than the SUs with higher
channel utilization of PUs. In contrast, when the distance
between the secondary network and primary network is large,
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Fig. 5. The Jain fairness index vs. the distance between the secondary
network and primary network. The channel utilization of PUs is 0.17 and the
PUs’ traffic follows lognormal distribution.

the throughput of the intrusive spectrum mode is close to the
throughput of the non-intrusive spectrum sharing mode. As a
result, the channel utilization of PUs has less impact on the
throughput when the distance between the secondary network
and primary network is larger.

Then, we evaluate the fairness performance of our proposed
scheme using the Jain fairness index [30] (i.e., the equal-share
attains the maximum Jain fairness index). Fig. 5 plots the
Jain fairness index against the distance between the secondary
network and primary network with the different numbers of
SUs in the secondary network. The channel utilization of PUs
is 0.17 and the PUs’ traffic follows lognormal distribution.
As shown in Fig. 5, our proposed scheme can achieve the
desired farness among SUs in the secondary network. In Fig. 5,
for a given number of SUs, the Jain fairness index slightly
increases as the distance between the secondary and primary
networks increases, which is due to the following reasons.
When the distance between the secondary network and pri-
mary network gets larger, the interference-level constraint on
the secondary network becomes more relaxed. This implies
that the difference between the SU-achieved throughputs under
the non-intrusive and intrusive spectrum sharing modes for
each round of spectrum-access becomes smaller. Therefore,
when the distance between the secondary network and primary
network gets larger, regardless of the higher or lower proba-
bilities for SUs to use the intrusive or non-intrusive spectrum
sharing modes, the statistically-averaged throughputs for all
SUs intend to converge to the equal-share fairness. Thus,
the larger the distance between the secondary and primary
networks, the larger the Jain fairness index. Fig. 5 also shows
that the more the SUs in the secondary network, the lower the
Jain fairness index. It is expected because of the following
reasons. With limited wireless resources, when the number of
SUs becomes larger, the probability for each SU to actually
use the spectrum decreases for each round of spectrum-access
opportunity, resulting in the lower Jain fairness index.
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Fig. 6. The performance of our proposed scheme for different PUs’ activity patterns. (a) The normalized aggregate throughput vs. the average duration of
OFF state with PUs following the lognormal distribution. (b) The interference index vs. average duration of OFF state with PUs following the lognormal
distribution. (c) The normalized aggregate throughput vs. channel utilization of PUs with PUs following the pareto distribution. (d) The interference index
vs. channel utilization of PUs with PUs following the pareto distribution. (e) The normalized aggregate throughput vs. channel utilization of PUs with PUs
following the gamma distribution. (f) The interference index vs. channel utilization of PUs with PUs following the gamma distribution.

In the rest of this section, we evaluate and compare our
proposed scheme with the other schemes in terms of the
normalized aggregate throughput of all SUs and interference
index (to be defined in the following), when the PUs’ activities
follow the different distributions. The comparison schemes
include the transmission scheme in the ideal case, interference-
confined adaptive transmission scheme, and the fixed trans-
mission scheme. In particular, the ideal case represents the
“omniscient” transmission scheme under which the SUs have
the full knowledge of the PUs’ activities. That is, in the ideal
case, the SUs are assumed to know exactly when the PBS
starts and stops broadcasting packets to the PUs. Thus, the
throughput of the ideal case is the upper-bound throughput that
the secondary network can achieve. Furthermore, in the ideal
case, the SUs do not cause any interference to the primary
network.

The interference-confined adaptive transmission scheme
is an interweave-based spectrum sharing scheme which is
modified based on the optimal spectrum sensing framework
proposed in [31], under which the SUs can access the primary
channel only when the PBS is sensed idle. The original scheme
which was designed for the exponential PUs traffic case only.
To fairly compare the scheme in [31] with our proposed
scheme, we modify the scheme in [31] so that it can adaptively
adjust the transmission duration while limiting the interference

caused by the SUs to a given threshold for different PUs
activity patterns.

The fixed transmission scheme combines the intrusive and
non-intrusive spectrum sharing modes. However, unlike our
proposed scheme which takes advantage of the PUs’ activity
pattern, the fixed transmission scheme makes the decisions
only based on the channel sensing outcomes. Particularly,
under the fixed transmission scheme, the SUs constantly sense
the channel. If the channel is sensed idle, the SUs transmit
packets to the SBS with a fixed transmission duration. If
the channel is sensed busy, the SUs adopt the non-intrusive
spectrum sharing mode to transmit packets. The difference
between our proposed scheme and the fixed transmission
scheme is that the fixed transmission scheme does not need
the mandatory sensing and the fixed transmission duration
depends only on a pre-defined parameter. It is clear that for
the fixed transmission scheme, the larger transmission duration
may lead to a higher throughput, but more severe interference
imposed onto the PUs.

In the simulations, besides the normalized aggregate
throughput, we also use the interference index to evaluate
the performance of our proposed schemes. We define the
interference index as the ratio of the amount of time that
the SUs operate in the intrusive spectrum sharing mode when
PUs are active to the total simulation duration. The larger
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the interference index, the more interference caused by the
SUs. In the simulations, we consider the interference occurring
only when the noise level of the PU receivers is above the
acceptable level due to the interference caused by the SUs
that operate under the intrusive spectrum sharing mode.
First, we assume the primary network’s activity pattern

follows the lognormal distribution. The average ON state of
the primary network lasts 0.2 s, while the average OFF state
duration of the primary network varies between 0.2 s and 2.8 s.
Fig. 6(a) shows the normalized aggregate throughput achieved
by our proposed scheme, the fixed transmission scheme with
τt = 0.01 s, the fixed transmission scheme with τt = 0.005 s,
the interference confined adaptive transmission scheme with
interference level of 10−3, and the transmission scheme for
the ideal case. As shown in Fig. 6(a), when the duration of
OFF state increases, the normalized throughput of all schemes
increase. In Fig. 6(a), our proposed scheme is the scheme that
achieves the closest throughput to the ideal case’s throughput
among all the schemes. The throughput difference between
our proposed scheme and the interference-confined adaptive
transmission scheme decreases as the average duration of OFF
state increase. This is because our proposed scheme can get
more spectrum opportunities using the non-intrusive spectrum
sharing mode when the licensed channel is in ON state.
Figure 6(b) shows the interference index for the differ-

ent schemes. From Fig. 6(b), we can observe that for the
fixed transmission schemes, the larger the fixed transmission
duration τt, the larger the interference index. Our proposed
scheme achieve the lowest interference index for any given
channel utilization of PUs. Also, the interference index of the
fixed transmission scheme increases more quickly than that of
our proposed scheme when the average duration of ON state
decreases. Based on Figs. 6(a) and (b), our proposed scheme
significantly outperforms the fixed transmission scheme and
the interference-confined adaptive transmission scheme when
the PUs’ activity follows the lognormal distribution.
Second, we focus on the case where the PUs’ activity

follows the pareto distribution. The average ON state duration
of the primary network is 0.45 s, while the average OFF state
duration of the primary network changes between 0.025 s and
6.1 s. Fig. 6(c) shows the normalized aggregate throughput
of our proposed scheme, the fixed transmission scheme with
different τt’s, the interference-confined adaptive transmission
scheme with interference level of 10−3, and the ideal trans-
mission scheme. The throughput of all schemes decreases as
the channel utilization of PUs increases. This is because as
the channel utilization of PUs increases, there is less room
for the SUs to operate in the intrusive spectrum sharing
mode which yields a higher throughput than the non-intrusive
spectrum sharing mode. When the fixed transmission scheme
adopts τt = 0.01 s, the throughput of the fixed transmission
scheme is close to that of our proposed scheme. However,
the interference caused by the fixed transmission scheme is
much higher than our proposed scheme. Also, the throughput
of our proposed scheme yields a much higher throughput
than the interference-confined adaptive transmission scheme.
Figs. 6(c) and (d) show that when the PUs’ activity follows
the pareto distribution, our proposed scheme can achieve better
throughput and lower interference index than the fixed trans-
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Fig. 7. Given the same interference index, the normalized aggregate through-
put comparison between our proposed scheme and the fixed transmission
scheme when the PUs’ activity follows gamma distribution. Note that in the
above figure, the plots with the same line style represent that the corresponding
schemes have the same interference index.

mission scheme as well as the interference-confined adaptive
transmission scheme.
Third, we evaluate our proposed scheme when the PUs’

activity follows the gamma distribution. The average ON state
duration of the primary network is 0.12 s, while the average
OFF state duration of the primary network changes between
0.0044 s and 1.1 s. Figs. 6(e) and (f) plot the normalized
aggregate throughput and interference index, respectively,
against the channel utilization of PUs. The interference-
confined adaptive transmission scheme with interference level
of 10−2 achieves the lower throughput than our proposed
scheme. Moreover, the interference-confined adaptive trans-
mission scheme decreases dramatically as the channel uti-
lization of increases because it cannot utilize the spectrum
opportunities when the primary network is active. For the fixed
transmission scheme, larger τt leads to a higher throughput.
As shown in Fig. 6(e), the throughput of the fixed transmission
scheme with τt = 0.01 is larger that of the fixed transmission
scheme with τt = 0.001. When the channel utilization of PUs
is less than 0.33, our proposed scheme achieves the higher
throughput than the fixed transmission scheme with τt = 0.01.
Meanwhile, when the channel utilization of PUs is higher
than 0.33, our proposed scheme achieves lower throughput
as compared to the fixed transmission scheme with τt = 0.01.
However, we can observe in Fig. 6(f) that the interference
index of our proposed scheme is much lower than that of the
fixed transmission scheme with τt = 0.01.
It is worth noticing that the throughputs of the fixed trans-

mission scheme and our proposed scheme converge together as
the channel utilization of PUs increases when the PUs’ activity
follows the gamma distribution. The reason for this is twofold.
On one hand, when the channel utilization of PUs is small, the
optimal τ∗

t changes in a large-scale manner because the range
of τf is stochastically wide. The fixed transmission scheme
does not perform well because of the fixed transmission
duration. On the other hand, when the channel utilization of
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PUs is large, the optimal τ∗
t changes slowly with the duration

of the elapsed OFF period τf , which implies that for a given
Dth, our proposed scheme may virtually choose a constant τt

due to τf falling into a small range. As a result, our proposed
scheme performs similarly as the fixed transmission scheme.
Thus, we further evaluate our proposed scheme as follows.

For a given channel utilization of PUs, we adjust Dth for
our proposed scheme to make our proposed scheme and the
fixed transmission scheme to achieve the same interference
index. Then, given the same interference index, we compare
the normalized aggregate throughput of our proposed scheme
with that of the fixed transmission scheme for τt = 0.01
and τt = 0.001, respectively, which is shown in Fig. 7.
When the fixed transmission scheme selects τt = 0.001,
the improvement of our proposed scheme over the fixed
transmission scheme is significant. This is because the fixed
transmission scheme with smaller τt results in larger sensing
overhead. In addition, when the channel utilization of PUs
is small, we can see that given the same interference index,
the throughput improvement of our proposed scheme over the
fixed transmission scheme is noticeable. When the channel
utilization of PUs keeps on increasing, the throughput of our
proposed scheme converges to the throughput of the fixed
transmission scheme.

VI. CONCLUSIONS

We proposed the opportunistic spectrum sharing schemes in
the CDMA-based uplink MAC over the cognitive radio net-
works to achieve the tradeoff between the interference imposed
onto the PUs and overall spectrum utilization. In particular,
we formulated the power control optimization problems for
the intrusive and non-intrusive spectrum sharing modes. We
designed the selection rules of intrusive and non-intrusive
spectrum sharing modes. Under our proposed schemes, the
SUs can dynamically determine to choose between the in-
trusive spectrum sharing mode and non-intrusive spectrum
sharing mode based on the channel utilization, the number
of active SUs, and the interference constraints. Our proposed
schemes take into consideration the joint channel sensing and
data transmission, and the power and rate allocations. We con-
ducted the extensive simulations with different types of PUs’
activities. Comparing with the other schemes, the simulation

results show that our proposed scheme can optimally trade off
the spectrum utilization with the interference caused by SUs
to significantly increase the aggregate throughput of all the
SUs in the cognitive radio network.

APPENDIX A
THE DERIVATIONS OF THE CLOSED-FORM EXPRESSIONS

FOR EQ. (27) AND EQ. (33) UNDER THE DIFFERENT
DISTRIBUTIONS

1). The Lognormal Distribution:
If the duration of the OFF period follows the lognormal

distribution, then we get its cdf as

Cτ0(t) =
1
2

[
1 + erf

(
log(t) − μ√

2σ

)]
(39)

and its pdf as

Aτ0(t) =
1

t
√

2πσ2
e−

[log(t)−μ]2

2σ2 (40)

where μ and σ are the mean and standard deviation, re-
spectively, in the form of natural logarithm, and erf(x) �
(2/

√
π)
∫ x

0 e−t2dt is the error function. Plugging Eqs. (39)
and (40) into Eq. (27), we get Eq. (41). Likewise, for the
mean squared estimation error of tsp, if the duration of the ON
period also follows the lognormal distribution, we can obtain
Eq. (42) by substituting Cτ1(t) and Aτ1(t), which have the
same expressions as those on the righthand sides of Eqs. (39)
and (40), respectively, into Eq. (33).
2). The Gamma Distribution:
If the duration of the OFF period follows the gamma

distribution, then we have its cdf as

Cτ0(t) = 1 − Γ(α, t
β )

Γ(α)
(43)

and we get its pdf as

Aτ0(t) = tα−1e−
t
β

1
Γ(α)βα

(44)

where α and β are the shape and scale parameters, respec-
tively, Γ(a, z) �

∫∞
z ta−1e−tdt is the upper incomplete

gamma function, and Γ(a) �
∫∞
0

ta−1e−tdt is the gamma
function. For the average interference duration, after plugging
Eqs. (43) and (44) into Eq. (27) and algebraic manipulation,

D(τt, τf ) =
2

1 − erf
(

log(τf )−μ√
2σ

)
{

τt + τf

2

[
erf
(

log(τt + τf ) − μ√
2σ

)
− erf

(
log(τf ) − μ√

2σ

)]

−eμ+ σ2
2

2

[
erf
(

μ + σ2 − log(τf )√
2σ

)
− erf

(
μ + σ2 − log(τf + τt)√

2σ

)]}
(41)

ε(tsp, τi) =

√
2
π

e
μ2

2σ2
(
tsp − t′sp

)2 + 2

√
2
π

e
(μ+σ2)2

2σ2 (tsp − t′sp)

⎡
⎣erf

(
log(τls+τi)−μ−σ2

√
2σ

)
− erf

(
log(τls)−μ−σ2

√
2σ

)
erf
(

log(τls+τi)−μ√
2σ

)
− erf

(
log(τls)−μ√

2σ

)
⎤
⎦

−
√

2
π

e
(μ+σ2)2

2σ2

⎡
⎣erf

(
log(τls+τi)−μ−2σ2

√
2σ

)
− erf

(
log(τls)−μ−2σ2

√
2σ

)
erf
(

log(τls+τi)−μ√
2σ

)
− erf

(
log(τls)−μ√

2σ

)
⎤
⎦ (42)
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D(τt, τf ) =
1

Γ(α,
τf

β )

{
(τt + τf )

[
Γ
(

α,
τf

β

)
− Γ

(
α,

τf + τt

β

)]
− β

Γ(α)

[
Γ
(

α + 1,
τf

β

)
− Γ

(
α + 1,

τf + τt

β

)]}
(45)

ε(tsp, τi) = (tsp − t′sp)
2 +

β

Γ(α, τls

β ) − Γ(α, τls+τi

β )

{[
Γ(2 + α,

τls

β
) − Γ(2 + α,

τls + τi

β
)
]

+ 2(tsp − t′sp)
[
Γ(1 + α,

τls

β
) − Γ(1 + α,

τls + τi

β
)
]}

(46)

D(τt, τf ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(τf + τt)
[
1 − 1

1−α

(
τf

τf+τt

)α]
+ α

1−ατf , τf > k

(τf + τt)
[
1 −
(

k
τf+τt

)α]
− αkα (τf+τt)

1−α−k1−α

1−α , τf + τt > k and τf < k

0, otherwise

(49)

ε(tsp, τi) =

{
(tsp − t′sp)2(bα − aα) − 2α(α−2)(tsp−t′sp)(bαa−aαb)

(α2−3α+2)(bα−aα) + α(α−1)(bαa2−aαb2)
(α2−3α+2)(bα−aα) , b > k

0, otherwise
(50)

we obtain Eq. (45). Likewise, for the mean squared estimation
error of tsp, if the duration of the ON period also follows the
gamma distribution, we can obtain Eq. (46) by substituting
Cτ1(t) and Aτ1(t), which have the same expressions as those
on the righthand sides of Eqs. (43) and (44), respectively, into
Eq. (33)
3). The Pareto Distribution:
If the duration of the OFF period follows the pareto distri-

bution, then we have its cdf as

Cτ0(t) =
{

1 − (k
t

)α
, t > k

0, otherwise
(47)

and we obtain its pdf as

Aτ0(t) =
{

αkα

tα+1 , t > k
0, otherwise

(48)

where k is the minimum possible value of the random variable,
and α is a positive parameter. For the average interference
duration, after plugging Eqs. (47) and (48) into Eq. (27), we
can derive Eq. (49). Likewise, for the mean squared estimation
error of tsp, if the duration of the ON period also follows the
gamma distribution, by substituting Cτ1(t) and Aτ1(t), which
have the same expressions as those on the righthand sides of
Eqs. (47) and (48), respectively, into Eq. (33), we can obtain
Eq. (50), where a = max{τls, k} and b = τls + τi.
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