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Abstract

Cognitive radio networks (CRNs) are expected to improve spectrum utilization significantly by allowing secondary
users (SUs) to opportunistically access the licensed spectrum of primary users (PUs). In an integrated network
consisting of multiple heterogeneous CRNs, SUs with multiple interfaces may have to conduct inter-system or
intra-system spectrum handoff due to the arrival of PUs or performance degradation on serving spectrum. In this case,
designing an optimal spectrum handoff scheme which offers quality of service (QoS) guarantee and performance
enhancement of the SUs is of particular importance. On the other hand, resource allocation strategy on target
channel also plays an important role in affecting the transmission performance of handoff SUs. In this paper, we jointly
design spectrum handoff and resource allocation strategy for handoff SUs in heterogeneously integrated CRNs. To
achieve joint resource management among various CRNs, we propose a joint radio resource management
architecture, based on which the proposed spectrum handoff and resource allocation scheme can be conducted.
Jointly considering the transmission performance of the handoff SUs, we formulate the total energy efficiency of the
SUs and design an optimization problem which maximizes the energy efficiency subject to spectrum handoff, QoS,
and power constraints of the SUs. An iterative algorithm is proposed to solve the formulated nonlinear fractional
optimization problem. Within each iteration, the optimization problem is transformed equivalently into two
subproblems, i.e., power allocation subproblem of each SU-spectrum pair and spectrum handoff subproblem for all
the SUs. The two subproblems are solved, respectively, through applying Lagrange dual method and the
Kuhn-Munkres (K-M) algorithm. Numerical results demonstrate the efficiency of the proposed algorithm.

Keywords: Cognitive radio networks, Spectrum handoff, Resource allocation, Energy efficiency, Kuhn-Munkres
algorithm

1 Introduction
Envisaged as a revolutionary technology to improve spec-
trum utilization, cognitive radio networks (CRNs) [1] have
received considerable attentions from both academia and
industry in recent years. In CRNs, secondary users (SUs)
are allowed to share the spectrum of primary users (PUs)
in an opportunistic manner without affecting the com-
munication performance of the PUs. Multiple CRNs with
heterogeneous access technologies may coexist in cer-
tain geographical regions resulting in heterogeneously
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integrated CRNs, in which, SUs with multiple interfaces
may access various CRNs.
Due to the arrival of PUs or performance degrada-

tion on serving channel, SUs may have to interrupt their
current transmission and conduct spectrum handoff, i.e.,
switching to another spectrum belonging to the same
or different CRNs. For an interrupted SU, the design of
optimal spectrum handoff scheme is of particular impor-
tance for it may affect user quality of service (QoS) sig-
nificantly. In addition, resource allocation strategy, for
instance, the transmit power of SUs on handoff target
channel also plays an important role in affecting the
transmission performance of handoff SUs. While most of
previous research works study spectrum handoff problem
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or resource allocation problem independently, these two
problems are indeed closely related especially under the
scenario that multiple SUsmay conduct spectrum handoff
simultaneously.
In this paper, we jointly consider spectrum handoff

and resource allocation problem for handoff SUs in het-
erogeneously integrated CRNs. To achieve joint resource
management among various CRNs, we propose a central-
ized joint radio resourcemanagement architecture. Jointly
considering the transmission performance of the handoff
SUs, we formulate the total energy efficiency of the SUs
and design an optimization problem which maximizes
the energy efficiency subject to spectrum handoff, QoS,
and power constraints of the SUs. An iterative algorithm
is proposed to solve the formulated nonlinear fractional
optimization problem.
The major contributions of this paper are summarized

as follows:

• We design a joint resource management architecture
based on which the proposed joint spectrum handoff
and resource allocation scheme can be conducted.

• Spectrum handoff scheme has been designed for single
SU [2–5]. In this paper, we study the spectrum handoff
problem of both single SU and multiple SUs. In addi-
tion, instead of merely stressing the service time and
waiting delay of handoff SUs, we jointly consider the
waiting delay, switching time, and the transmission
performance of the handoff SUs on the target spec-
trum and propose an efficient joint spectrum hand-
off and resource allocation scheme for the handoff
SUs.

• Spectrum handoff problem or resource allocation
problem of SUs in CRNs has been studied indepen-
dently in [2–16]. In this paper, we jointly consider
spectrum handoff and resource allocation problem of
SUs in heterogeneous CRNs and design a joint opti-
mal strategy for all the SUs in terms of handoff target
channel selection and transmit power allocation.

• To characterize the joint performance of all the hand-
off SUs, we stress the trade-off between transmission
data rate and power consumption, examine the total
energy efficiency of the SUs, and then formulate the
joint spectrum handoff and resource allocation prob-
lem in heterogeneous CRNs as an energy efficiency
maximization problem. Since the optimization prob-
lem formulated is a nonlinear fractional programming
problem, which cannot be solved conveniently, we
transform it to an equivalent optimization problem
which can be solved based on iterative algorithm.
Within each iteration, the optimization problem is
transformed equivalently into two subproblems, i.e.,
power allocation subproblem of each SU-spectrum
pair and spectrum handoff subproblem for all the

SUs. The two subproblems are then solved, respec-
tively, through applying Lagrange dual method and the
Kuhn-Munkres (K-M) algorithm.

The rest of the paper is organized as follows. Section 2
presents an overview of related works. Section 3 describes
system model and the proposed joint resource manage-
ment architecture. In Section 4, a channel queuing model
is proposed and the interruption time of the handoff SUs
is examined. A candidate spectrum selection scheme is
proposed in Section 5. A joint spectrum handoff and
resource allocation scheme is proposed for single handoff
SU in Section 6. In Section 7, we propose a joint spec-
trum handoff and resource allocation scheme for multiple
handoff SUs. In Section 8, the optimization problem for-
mulated in Section 7 is solved. Simulation results are
presented in Section 9. Finally, we conclude this paper in
Section 10.

2 Related works
In this section, we present an overview of related works,
including spectrum handoff schemes and resource alloca-
tion schemes of CRNs.

2.1 Spectrum handoff schemes of CRNs
In recent years, various spectrum handoff schemes have
been designed for SUs in CRNs. In [2], the authors pro-
pose a probabilistic approach to determining the initial
and target channel for a handoff SU in a CRN. The aver-
age sojourn time and the extended service time of the SU
are analyzed, and the optimal spectrum handoff strategy
is obtained through solving the optimization problem of
minimizing both time metrics. In [3], a contention-aware
channel selection algorithm is proposed, in which the sec-
ondary network detects the available licensed channels of
SUs by exploiting cooperative spectrum sensing scheme,
estimates the probability of channel collision, and then
selects a less competitive channel for the SUs. In [4], a
review of periodic sensing and handoff schemes is pre-
sented and the trade-off between the energy efficiency
and the transmission reliability of SUs is examined. A
switch-stay model is then proposed to achieve the trade-
off in light of sensing accuracy, the probability of collision,
throughput, and delay constraints. In [5], the authors
study spectrum handoff problem for multimedia applica-
tions in CRNs and propose a learning-based quality of
experience (QoE)-driven spectrum handoff scheme which
optimizes the quality of video transmissions in terms of
handoff delay. The authors in [6] consider the stochastic
characteristics of spatial and temporal spectrum availabil-
ities in CRNs and develop a spectrum handoff scheme,
which selects the handoff channel offering the maximum
capacity.
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Previous research studies [2–6] mainly focus on design-
ing spectrum handoff scheme for single SU in CRNs; how-
ever, it is highly possible that multiple SUs may have to
perform spectrum handoff at the same time. For instance,
multiple SUs occupying the licensed channel of one PU
may have to interrupt their transmission and switch to
other channels due to the arrival of the PU. The spectrum
handoff problem ofmultiple SUs has been studied in [7, 8].
The authors in [7] assume that the spectrum handoff
of SUs should meet the constraint of handoff agility,
i.e., SUs are only allowed to switch to their neighboring
channels, and then formulate a continuous-time Markov
model to analyze the forced termination and blocking
probabilities of SUs. In [8], an analytical framework is
presented to examine the impact of common control
interface (CCI) on the performance of spectrum hand-
off. The potential benefits and disadvantages of employing
CCI for spectrum handoff are analyzed in terms of hand-
off delay, energy consumption, and spectrum utilization.
Although [7, 8] stress the problem of spectrum handoff of
multiple SUs, they mainly study the performance evalua-
tion of handoff scheme instead of optimal handoff scheme
design.

2.2 Resource allocation schemes of CRNs
To achieve transmission performance optimization of
handoff SUs, resource allocation problems, in particu-
lar, transmit power allocation issue should be considered.
Indeed, resource allocation problems in CRNs have been
studied extensively in recent years. In [9], a multiuser
orthogonal frequency-division multiple access (OFDMA)
cognitive heterogeneous network (HetNet) is considered
and the potential benefits of employing reconfigurable
antennas (RA) are studied. The authors propose a game
theoretical framework to jointly select the subcarriers as
well as the RA state at each SU so that the overall capac-
ity of the network can be maximized. The authors in [10]
consider a CRN with imperfect spectrum sensing perfor-
mance and propose an energy-aware centralized resource
allocation scheme which takes into account relay selec-
tion, channel access, and power allocation jointly. The
CRN is formulated as a partially observable Markov deci-
sion process (POMDP), based on which, an optimal joint
resource allocation policy is derived. In [11], the authors
investigate joint uplink subchannel and power allocation
problem in cognitive small cells. Jointly considering the
effects of cross-tier interference and imperfect channel
state information (CSI), and the requirements on outage
probability and transmission fairness, a cooperative Nash
bargaining game model is formulated and a unified ana-
lytical framework is proposed to obtain the near optimal
resource allocation strategy. The authors in [12] study
joint power and channel allocation problem in CRNs
offering heterogeneous services and propose an optimal

resource allocation scheme which maximizes the capacity
of all the SUs.
To meet the requirement on increasingly higher trans-

mission rate, high transmit power is required, result-
ing in higher energy consumption at both user devices
and base stations (BSs), which is highly undesired espe-
cially for energy-sensitive devices. To reduce power con-
sumption and achieve high-energy efficiency of CRNs,
energy-efficient resource allocation schemes have recently
received great attentions [13–15]. Jiang et al. [13] presents
a brief overview of energy-efficient schemes proposed
for noncooperative CRNs, including spectrum sensing
schemes, spectrum sharing schemes, and network deploy-
ment approaches. In [14], the authors study energy-
efficient opportunistic spectrum access strategies for
an orthogonal frequency division multiplexing (OFDM)-
based CRN with multiple SUs. The worst energy effi-
ciency and the average energy efficiency are, respectively,
formulated and optimized for different application sce-
narios. In [15], approaches proposed for energy-efficient
spectrum sensing and spectrum handoff are investigated
and the trade-off between energy consumption and data
transmission throughput is studied. In [16], an M/G/1
queuing model with preemptive resume priority is for-
mulated for CRNs, the average waiting delay of SUs is
analyzed, and the channel with the minimum service time
is selected as the handoff channel.
Most of the previous works focus on either spectrum

handoff scheme design or resource allocation scheme
design for SUs in CRNs; indeed, it can be observed
that resource allocation strategy on handoff target chan-
nel may affect the transmission performance of handoff
SUs significantly; hence, it is highly desired to jointly
design spectrum handoff and resource allocation strat-
egy for SUs in CRNs. Indeed, in [6, 13–16], the authors
also consider resource management policy when design-
ing spectrum handoff schemes for SUs; however, instead
of designing the optimal transmit power strategy, they
simply assume that the SUs transmit with the maximum
transmit power or a fixed power on handoff target chan-
nels, thus may result in undesired transmission perfor-
mance, especially in terms of energy efficiency. In this
paper, we jointly study the spectrum handoff and resource
allocation problem in heterogeneously integrated CRNs
and propose an energy efficiency-based joint spectrum
handoff and resource allocation scheme for handoff
SUs.

3 Systemmodel and proposed joint resource
management architecture

3.1 Systemmodel
In this paper, we consider an integrated network scenario
consisting of one PN, multiple heterogeneous CRNs, and
a number of PUs and SUs. As the licensed users of the
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PN, PUs are allowed to transmit to primary base stations
(PBSs) through licensed channels. We assume that differ-
ent channels of the PN are allocated to various PUs; hence,
no co-channel interference exists among PUs. To support
spectrum sharing between PUs and SUs, the channels of
PUs are further divided into multiple subchannels, and
each subchannel can be allocated to one SU for informa-
tion interaction with the cognitive base stations (CBS) of
one CRN.We assume that the SUs are equipped withmul-
tiple interfaces and are capable of accessing various CRNs
but can only access one subchannel of a CRN at a given
time interval.
We denote the number of PUs and SUs as K and M,

respectively, the total number of subchannels as N , and
the nth subchannel as Cn, 1 ≤ n ≤ N . For convenience,
we assume that the kth channel is allocated to the kth PU,
1 ≤ k ≤ K . In Fig. 1, we plot the channel partition model
considered in this paper.

3.2 Proposed joint resource management architecture
In the integrated networks of PN and CRNs, available
radio resources need to be allocated in a coordinated way
to guarantee QoS requirements of both PUs and SUs and
to achieve performance enhancement of the networks. To
achieve joint resource management of the networks in the
heterogeneously integrated network scenario, a joint radio
resource management (JRRM) architecture is proposed in
this paper.
Figure 2 shows the proposed JRRM architecture, in

which functional entities, including user RRMs (URRMs),
local RRMs (LRRMs) and global RRM (GRRM), are intro-
duced to tackle the dynamic information of the inte-
grated networks and to conduct joint spectrum handoff
and resource allocation for SUs. The major functions of
URRMs, LRRMs, and GRRM are as follows.
URRM: functional module embedded in each PU and

SU. URRMs collect and store CSI, device characteristics
and service requirements, etc. Through interacting with
the associated LRRMs, URRMs send their collected infor-
mation to the network and receive spectrum handoff and
resource allocation strategy.
LRRM: deployed in each PBS or CBS, being respon-

sible for collecting and managing local resource status
and resource management strategy through interacting
with the associated URRMs and GRRM. More specifi-
cally, receiving network and service information from the

associated URRMs and then forwarding to the GRRM,
and receiving spectrum handoff and resource allocation
strategy from GRRM and forwarding to URRMs.
GRRM: deployed over the PU and the CRNs. Through

interacting with the associated LRRMs, the GRRM
receives network and user state information and conducts
the proposed joint spectrum handoff and resource allo-
cation algorithm to obtain the optimal strategy and send
back to the LRRMs.
It should be mentioned that the information interaction

between GRRM, LRRMs, and URRMs can be performed
over a common control channel [8]. Efficient random
access control schemes and user scheduling schemes
should be designed to guarantee the performance of infor-
mation interaction between various functionality entities.
In this paper, we assume that efficient information inter-
action between GRRM, LRRMs, and URRMs can be
achieved and design joint spectrum handoff and resource
allocation scheme based on the obtained information.

4 Channel queuingmodel and interruption time
analysis

4.1 Channel queuingmodel
As PUs are of higher priority over SUs to access the
licensed channels of PUs, once PUs reclaim their allocated
channels, the SUs occupying the subchannels belonging to
the PUs must interrupt their transmission. Without loss
of generality, we assume that the service of SUs can toler-
ate certain interrupting delay; hence, when experiencing
interruption, an SU may choose to stay at current sub-
channel or switch to other subchannel provided that the
subchannel meets its interruption delay constraint. In the
case that multiple SUs arrive at one subchannel, SUs may
wait at the subchannel according to certain rules.
In this paper, an M/G/1 queuing model is applied

to characterize the spectrum-sharing behaviors between
PUs and SUs [16]. To describe various priorities of PUs
and SUs, the queuing model is partitioned into two
sub-queues, i.e., high-priority sub-queues for PUs and
low-priority sub-queues for SUs. The key features of
the proposed M/G/1 queuing model are described as
follows.

• PUs and SUs may arrive at various chan-
nels/subchannels with different rates. In the case
that the channels are busy, users will wait in their

Fig. 1 Channel partition model. The channel and subchannel models of the PUs and the SUs
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Fig. 2 Proposed joint resource management architecture. The proposed joint resource management architecture based on which the joint
resource management scheme can be conducted

corresponding sub-queues, i.e., PUs wait in the high-
priority sub-queues and SUs wait in the low-priority
sub-queues till the channels/subchannels become
available.

• Users waiting in the same sub-queue are allowed to
access the channels/subchannels on the basis of first
come first served (FCFS) scheduling scheme.

• To reduce the possibility of call drop, higher priority is
given to interrupted SUs over new SUs, i.e., SUs with
initial service requirement; thus, interrupted SUs will
be put before new SUs in the low-priority sub-queues.

4.2 Interruption time analysis
In the case that one PU reclaims its allocated channel, the
SUs occupying the subchannels belonging to the channel
should interrupt their transmission, stay at current sub-
channel, or switch to another subchannel. For both cases,
the interrupted SUs cannot resume their data communi-
cations until the PU or previously interrupted SUs have
completed their transmission, thus resulting in waiting
delay. If the interrupted SUs choose to switch to another
subchannel, additional switch delay may occur due to
spectrum handoff procedure.
In this section, we formulate the total interruption time

of interrupted SUs as the sum of waiting delay and switch-
ing delay. Assuming that themth interrupted SU with the
subchannel nm chooses the nth subchannel as its target
subchannel, the corresponding interruption time can be
calculated as:

T (I)
m,nm,n = T (w)

m,nm,n + δnm,nT (s)
m,nm,n (1)

where T (I)
m,nm,n, T

(w)
m,nm,n and T (s)

m,nm,n denote the interrup-
tion time, waiting delay, and switching delay of the mth

interrupted SU, respectively, and δnm,n denotes the binary
spectrum handoff index, i.e.,

δnm,n =
{
0, if nm = n;
1, if nm �= n. (2)

In the following subsections, the waiting delay and the
switching delay of interrupted SUs will be calculated,
respectively.

4.2.1 Waiting delay of interrupted SUs
In this subsection, the waiting delay of interrupted SUs is
analyzed for both staying case and switching case.

Staying case: In the case that an interrupted SU chooses
to stay on its current subchannel, it will be put at the head
of the sub-queue of the SUs and wait until the PU in the
channel has completed its transmissions. Hence, the wait-
ing delay can be expressed as the channel busy time due to
the transmission of the PUs. Assuming the nth subchan-
nel is originally allocated to the kth PU, the waiting delay
of themth interrupted SU can be calculated as:

T (w)
m,nm,n = E

[
T (p)
k

]
(3)

where T (p)
k denotes the busy time of the kth channel due

to the transmission of the kth PU and E[ z] denotes the
expectation value of z. E

[
T (p)
k

]
can be derived as follows.

Denoting I(p)k as the idle period of the kth channel, we
can obtain:

E
[
I(p)k

]
= 1

λ
(p)
k

(4)
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where λ
(p)
k denotes the packet arrival rate of the PU on the

kth channel, 1 ≤ k ≤ K . The utilization factor of the kth
channel, denoted by ρ

(p)
k , can be expressed as:

ρ
(p)
k =

E
[
T (p)
k

]

E
[
T (p)
k

]
+ E

[
I(p)k

] = λ
(p)
k

μ
(p)
k

(5)

where μ
(p)
k denotes the service rate of the PU on the kth

channel, 1 ≤ k ≤ K . Combining (4) and (5), we obtain:

E
[
T (p)
k

]
= 1

μ
(p)
k − λ

(p)
k

. (6)

Switching case: In the case that an interrupted SU
chooses to switch to another subchannel, it will be put into
the low-priority sub-queue of the target subchannel and
has to wait for the PU or the SU transmitting on the sub-
channel to complete its transmission. Furthermore, the
interrupted SU also needs to wait for the PUs and the pre-
viously interrupted SUs waiting in the queue to complete
their transmission. Hence, the waiting delay of the inter-
rupted SU can be calculated as the sum of the busy time
of the channel due to the transmission of the PU or the
SU and the remaining service time of the subchannel [16].
Denoting T (b)

m,nm,n as the busy time of the subchannel and
T (r)
m,nm,n as the remaining service time of the subchannel,

we can obtain:

T (w)
m,nm,n = T (b)

m,nm,n+T (r)
m,nm,n (7)

where T (b)
m,nm,n can be calculated as:

T (b)
m,nm,n = 1

2
E

[
T (p)
k

]
+ 1

2
E

[
T (s)
n

]
(8)

where T (s)
n denotes the transmission time of one SU on the

nth subchannel and can be calculated as:

E
[
T (s)
n

]
= 1

μ
(s)
n − λ

(s)
n

(9)

where λ
(s)
n and μ

(s)
n denote the packet arrival rate and

service rate, respectively, of the SU accessing the nth sub-
channel, 1 ≤ n ≤ N . The remaining service time of the
nth subchannel can be calculated as:

T (r)
m,nm,n = λ

(p)
k(

μ
(p)
k

)2 + λ
(s)
n(

μ
(s)
n

)2 . (10)

Combining (7)–(10), we obtain:

T (w)
m,nm,n = 1

2
(
μ

(p)
k − λ

(p)
k

) + 1

2
(
μ

(s)
n − λ

(s)
n

) + λ
(p)
k(

μ
(p)
k

)2

+ λ
(s)
n(

μ
(s)
n

)2 .

(11)

4.2.2 Switching delay of interrupted SUs
In the case that an interrupted SU decides to switch from
the nmth subchannel to the nth subchannel, intra-system
or inter-system handoff may occur as the nmth subchannel
and the nth subchannel may belong to the same CRN or
different CRNs. In addition, as one SU may perform spec-
trum switch and radio frequency (RF) reconfiguration
before or after a PU reoccupies the channel, the corre-
sponding spectrum handoff is referred to as proactive
handoff and reactive handoff, respectively. Jointly con-
sidering these handoff scenarios, we obtain four types
of spectrum handoff, i.e., proactive intra-system hand-
off, proactive inter-system handoff, reactive intra-system
handoff, and reactive inter-System handoff; the corre-
sponding switching delay is examined as follows.

Proactive intra-system handoff Denoting T (s,1) as the
switching delay of proactive intra-system handoff, we
obtain:

T (s,1) = tsensyn + tsen + tdec + tswitch + ttxsyn, (12)

where tsensyn denotes the synchronization time for spectrum
sensing, tsen denotes the time period for sensing spectrum
resource, tdec denotes the time period for determining a
target handoff spectrum, tswitch denotes the time period
required for switching from current subchannel to target
subchannel, and ttxsyn denotes the time duration required
for conducting synchronization with target subchannel.

Proactive inter-system handoff In the case that a proac-
tive handoff is performed between two heterogeneous
CRNs, the reconfiguration of RF front end is required.
Denoting the time duration required for reconfiguration
as trecfg, the resulted switching delay denoted by T (s,2) can
be expressed as:

T (s,2) = trecfg + T (s,1). (13)

Reactive intra-system handoff In the case that a reac-
tive handoff is performed inside one CRN, a handoff
preparation time, denoted by tprep, is required to collect
measurement information and determine handoff tar-
get subchannel; thus, the corresponding switching delay
denoted by T (s,3) can be expressed as:

T (s,3) = tprep + T (s,1). (14)

Reactive inter-system handoff In the case that a reac-
tive handoff is performed between two heterogeneous
CRNs, handoff preparation and reconfiguration of RF
front end are both required. As a result, the switching
delay denoted by T (s,4) can be expressed as:

T (s,4) = trecfg + T (s,3). (15)
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5 Candidate handoff spectrum selection scheme
Interrupted SUs with various user services may pose dif-
ferent QoS requirements on transmission subchannels. In
this paper, we assume interrupted SUs may have differ-
ent interruption delay and data rate requirements, which
place constraints on handoff target subchannel. To reduce
the computation complexity of the proposed spectrum
handoff and resource allocation scheme, we present a can-
didate spectrum selection scheme which selects the qual-
ified spectrum among all the available spectrum based
on the QoS requirements of interrupted SUs; then, the
proposed joint spectrum handoff and resource alloca-
tion scheme only applies to the candidate spectrum of
the SUs.
In the following subsections, we first examine both

interruption delay constraint and data rate constraint,
based on which, we discuss the formation of candidate
handoff spectrum set.

5.1 Interruption delay constraint
The transmission interruption of SUs resulted from wait-
ing in subchannel queues or performing spectrum handoff
might be unacceptable for delay sensitive services. Hence,
for a particular interrupted SU, the handoff target sub-
channel shouldmeet certain interruption delay constraint.
Denoting Tmax

m as the maximum acceptable interruption
delay of the mth interrupted SU, the nth subchannel can
be selected as the handoff target subchannel of the SU only
if it meets the following delay constraint:

T (I)
m,nm,n ≤ Tmax

m . (16)

5.2 Data rate constraint
To offer data transmission service to an interrupted SU
with aminimumdata rate constraint, a handoff target sub-
channel has to meet the data rate requirement of the SU.
Denoting Rm,n as the achievable data rate of themth inter-
rupted SU on the nth subchannel, according to Shannon
formula [17], we can obtain:

Rm,n = Bnlog2

(
1 + Pm,nh2m,n

σ 2

)
(17)

where Bn denotes the bandwidth of the nth subchannel,
Pm,n denotes the transmit power of the mth interrupted
SU on the nth subchannel, and σ 2 denotes the noise
power of the link from the mth interrupted SU to its
CBS on the nth subchannel. Without loss of generality,
the noise power is assumed to be a constant for all the
links of the CRNs in this paper, hm,n denotes the sub-
channel gain of the link from the mth interrupted SU to
its CBS on the nth subchannel. In this paper, we assume
the channel model follows Friis free-space propagation

model [18], and the subchannel gain hm,n can be expressed
as:

hm,n =
(

c
4π fndm

)2
(18)

where c denotes the speed of light, fn denotes carrier
frequency of the nth subchannel, and dm denotes the dis-
tance from the mth SU to its corresponding CBS. Denot-
ing Rmin

m as the minimum data rate requirement of themth
interrupted SU, the data rate constraint can be expressed
as:

Rm,n ≥ Rmin
m . (19)

As Pm,n in (17) is one of the optimization variables
in our proposed spectrum handoff and resource alloca-
tion scheme, the exact Rm,n cannot be obtained before
completing the optimization process and obtaining the
optimal Pm,n. However, as each user device may have to
meet a maximum transmit power requirement due to
hardware and signal processing constraint, we can instead
examine the maximum achievable data rate of themth SU
on the nth subchannel through replacing Pm,n by its max-
imum value. Denoting Pmax

m as the maximum permissible
transmit power of the mth SU, the transmit power of the
SU should be less than Pmax

m , i.e.,

Pm,n ≤ Pmax
m . (20)

Combining (17), (19), and (20), we can rewrite the data
rate constraint as:

Rmax
m,n = Bnlog2

(
1 + Pmax

m h2m,n
σ 2

)
≥ Rmin

m . (21)

In the case that the candidate handoff spectrum set is
empty, indicating that there is no subchannels meeting
the transmission constraints of the interrupted SUs, thus,
the SUs cannot conduct handoff successfully, resulting in
transmission interruption.

5.3 Candidate handoff spectrum set
Jointly considering the interruption delay constraint and
data rate constraint of SUs, we can obtain that the nth sub-
channel can be selected as the handoff target subchannel
of themth SU of which the current subchannel is nm, only
if it meets the conditions specified in both (16) and (21).
Denoting � as the set of all the subchannels and �m,nm
as the set of candidate handoff subchannel of the mth SU
with the current subchannel being nm, we obtain:

�m,nm =
{
Cn|T (I)

m,nm,n ≤ Tmax
m ,Rmax

m,n ≥ Rmin
m , Cn ∈ �

}
.

(22)

Among all the candidate handoff subchannels of the
mth interrupted SU, i.e., Cn ∈ �m,nm , the subchannel
offering the optimal performance will be selected and the
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corresponding optimal transmit power of the SU will be
designed, as discussed in the following two sections.

6 Proposed joint optimization scheme: single SU
case

In this section, we consider the case that only one SU is
interrupted and design an optimal joint spectrum handoff
and power allocation scheme for the SU.While experienc-
ing transmission interruption, the SU may tend to choose
the subchannel corresponding to the optimal transmis-
sion performance. In this paper, to stress the importance
of both the transmission rate and power consumption of
the interrupted SUs, and to achieve the trade-off between
the two metrics, the energy efficiency of the interrupted
SUs on the target subchannel is examined and optimized
in terms of the transmit power of the SUs.
For convenience, we denote the single interrupted SU as

the first SU, i.e., we setm = 1 in the formulas of the previ-
ous sections. The energy efficiency of the interrupted SU
when transmitting on the nth subchannel denoted by ηn
can be defined as the ratio of the achievable data rate and
the power consumption of the SU on the nth subchannel,
i.e.,

ηn = R1,n
P1,n + Pcir

(23)

where Pcir denotes the circuit consumption power of the
interrupted SU, which is assumed to be a constant for all
the SUs in this paper.
To achieve high-energy efficiency, the interrupted SU

with current subchannel being n1 may choose the nth
subchannel which offers the maximum energy efficiency
among all the candidate subchannels as the handoff tar-
get subchannel. However, it can be seen from (23) that
the energy efficiency, i.e., ηn, varies with the transmit
power P1,n for given channel and device characteristics;
thus, it is difficult to examine and compare the energy
efficiency of various subchannels. To stress this problem,
we propose a two-step algorithm which consists of both
power allocation and spectrum handoff subalgorithms.
More specifically, we first conduct optimal power alloca-
tion subalgorithm on the nth subchannel, i.e., optimizing
ηn in terms of P1,n to obtain the maximum ηn, denoted by
η∗
n, for Cn ∈ �1,n1 , 1 ≤ n ≤ N , and then apply optimal

spectrum handoff subalgorithm, i.e., choosing the optimal
subchannel corresponding to the maximum η∗

n.
The detailed algorithm is discussed as follows. For the

nth subchannel, Cn ∈ �1,n1 , 1 ≤ n ≤ N , the optimal
power allocation problem can be formulated as:

max
P1,n

ηn (24)

s.t. C1 : R1,n ≥ Rmin
1 ,

C2 : P1,n ≤ Pmax
1 .

For a given range of P1,n, i.e., 0 < P1,n ≤ Pmax
1 , the

optimal energy efficiency of the interrupted SU on the nth
subchannel, denoted by η∗

n, can be obtained through solv-
ing above problem via numerical method or optimization
techniques [19].
Given η∗

n, we can then conduct optimal spectrum hand-
off subalgorithm through which the n∗th subchannel
offering the maximum η∗

n is selected as the optimal hand-
off subchannel among all Cn ∈ �1,n1 , 1 ≤ n ≤ N , i.e.,

Cn∗ = arg max
Cn∈�1,n1

(η∗
n). (25)

7 Proposed joint optimization scheme: multiple
SUs’ case

It can be seen from the previous section that in the case
that the transmission of one SU is interrupted, the opti-
mal spectrum handoff and power allocation problem can
be solved through designing the optimal transmit power
strategy and then selecting the optimal subchannel, which
offers the maximal energy efficiency. In the case that
multiple SUs may perform spectrum handoff simultane-
ously, allowing each interrupted SU to select its optimal
subchannel may not be feasible for resource competition
among handoff SUs exists. In this paper, we propose to
jointly consider the performance of interrupted SUs and
design an optimal spectrum handoff and power allocation
strategy which achieves the performance optimization of
all the SUs.

7.1 Total energy efficiency of interrupted SUs
In this paper, we formulate the joint performance of inter-
rupted SUs as the total energy efficiency, which is defined
as the ratio of the sum rate and total power consumption
of the interrupted SUs [20, 21], i.e.,

ηtot = Rtot

Ptot
(26)

where Rtot and Ptot denote, respectively, the sum rate and
the total power consumption of the interrupted SUs; Rtot

can be expressed as:

Rtot =
M∑

m=1
Rm (27)

where Rm denotes the data rate of themth interrupted SU,
which can be calculated as:

Rm =
N∑

n=1
xm,nRm,n (28)

where xm,n ∈ {0, 1} is a binary spectrum handoff variable,
i.e., xm,n = 1, if the mth SU selects the nth subchannel as
its handoff target subchannel; otherwise, xm,n = 0. As it
is assumed that each interrupted SU can only select one
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subchannel for handoff, and each subchannel can only be
allocated to one interrupted SU, we obtain:

N∑
n=1

xm,n ≤ 1, (29)

M∑
m=1

xm,n ≤ 1. (30)

The total power consumption of the interrupted SUs
can be calculated as the sum of power consumption of all
the SUs, i.e.,

Ptot =
M∑

m=1
Pm (31)

where Pm denotes the power consumption of the mth
interrupted SU, which can be calculated as:

Pm =
N∑

n=1
xm,n(Pm,n + Pcir). (32)

7.2 Optimization problem formulation
In this paper, we propose to design a joint spectrum
handoff and power allocation scheme which achieves the
maximum energy efficiency of all the interrupted SUs. By
applying optimization theory, the joint spectrum hand-
off and power allocation problem can be formulated as
follows:
max

xm,n,Pm,n
ηtot

s.t. C1 : xm,n ∈ {0, 1}, 1 ≤ m ≤ M, 1 ≤ n ≤ N ,
C2 :

∑N
n=1 xm,n ≤ 1, 1 ≤ m ≤ M,

C3 :
∑M

m=1 xm,n ≤ 1, 1 ≤ n ≤ N ,
C4 : xm,n = 0, if Cn /∈ �m,nm , 1 ≤ m ≤ M,

1 ≤ n, nm ≤ N ,
C5 : Rm ≥ Rmin

m , 1 ≤ m ≤ M, 1 ≤ n ≤ N ,
C6 :

∑N
n=1 xm,nPm,n ≤ Pmax

m , 1 ≤ m ≤ M.

(33)

8 Solution of the optimization problem
The optimization problem formulated in (33) is a non-
convex problem with the objective function being a
nonlinear fractional function, which cannot be solved
conveniently using traditional optimization tools. In
this section, the optimization objective function is
transformed into a convex function and the corre-
sponding optimization problem is solved using iterative
algorithm [22].

8.1 Iterative algorithm-based energy efficiency
maximization

To transform the objective function defined in (33), we
denote q as the energy efficiency of the interrupted
SUs, i.e.,

q = Rtot(xm,n,Pm,n)

Ptot(xm,n,Pm,n)
. (34)

Denote q* as the optimal value of q, we obtain:

q∗ = Rtot(x∗
m,n,P∗

m,n)

Ptot(x∗
m,n,P∗

m,n)
= max

xm,n,Pm,n

(
Rtot(xm,n,Pm,n)

Ptot(xm,n,Pm,n)

)
.

(35)

It can be proved that the maximum energy efficiency
q* is achieved if and only if the following condition
meets [20]:

max
xm,n,Pm,n

(
Rtot(xm,n,Pm,n) − q∗Ptot(xm,n,Pm,n)

)
= Rtot (

x∗
m,n,P∗

m,n
) − q∗Ptot

(
x∗
m,n,P∗

m,n
) = 0.

(36)

Hence, the optimization problem formulated in (33) can
be transformed into the following problem:

max
q,xm,n ,Pm,n

Rtot(xm,n,Pm,n) − qPtot(xm,n,Pm,n)

s.t. C1 − C6 in (33)
(37)

Examining the above optimization problem, we can
observe that for a given energy efficiency q, the problem is
still a joint spectrum handoff and power allocation prob-
lem with the objective function being a convex function,
thus can be solved (as we will discuss in the following sub-
sections) to obtain the locally optimal spectrum handoff
and power allocation strategy, based on which the energy
efficiency q can be updated. Repeating the process until
the convergence condition meets, we can obtain the glob-
ally optimal energy efficiency and joint spectrum handoff
and power allocation strategy.
The above iterative process can be implemented

through an iterative algorithm, which proceeds as follows.
Starting from an initial value of q, we can obtain the locally
optimal xm,n and Pm,n through solving the spectrum hand-
off and power allocation subproblem; then, q is updated
based on (34). For the updated q, the spectrum and power
allocation subproblem can be resolved to obtain updated
xm,n and Pm,n, the process continues until the convergence
condition, i.e., |Rtot(xm,n,Pm,n) − qPtot(xm,n,Pm,n)| ≤ ω1
meets, where ω1 denotes the maximum tolerance. The
proposed algorithm is summarized in Algorithm 1 and the
convergence of the algorithm can be guaranteed [20].

8.2 Locally optimal spectrum handoff and power
allocation algorithm

For a given q, the joint spectrum handoff and power
allocation problem can be formulated as follows:

max
xm,n,Pm,n

Rtot(xm,n,Pm,n) − qPtot(xm,n,Pm,n)

s.t. C1 − C6 in (33)
(38)
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Algorithm 1 Iterative Algorithm Based Energy Efficiency
Maximization
1 Set the maximum number of iterations, Lmax,

and the maximum tolerance ω1
2 Set the energy efficiency q = 0 and iteration index

l = 0
3 repeat Main Loop
4 For the given q, solve the spectrum handoff and

power allocation subproblem to obtain
{
x′
m,n,P

′
m,n

}
5 if |Rtot(x′

m,n,P
′
m,n) − qPtot(x′

m,n,P
′
m,n)| ≤ ω1

then
6 Convergence = true
7 return {x∗

m,n,P∗
m,n} = {x′

m,n,P
′
m,n} and

q∗ = Rtot(x′
m,n,P

′
m,n)

Ptot(x′
m,n,P

′
m,n)

8 else

9 set q = Rtot(x′
m,n,P

′
m,n)

Ptot(x′
m,n,P

′
m,n)

and l = l + 1
10 Convergence = false
11 end if
12 until Convergence = true or l = Lmax

The objective function in (37) can be rewritten as:

M∑
m=1

N∑
n=1

xm,n(Rm,n − q(Pm,n + Pcir)). (39)

It can be seen from (39) that if we assume themth inter-
rupted SU selects the nth subchannel as its handoff target
subchannel, i.e., xm,n = 1, for the given SU-spectrum
pair, maximizing (39) is equivalent to maximizing Rm,n −
q(Pm,n + Pcir) in terms of Pm,n, which can be referred
to as power allocation subproblem. From the constraints
C1–C3 in (33), we can obtain that the power allocation
for various SU-spectrum pairs is independent, thus can
be solved individually. Once we have obtained the opti-
mal power allocation strategy for SU-spectrum pairs, we
can then solve spectrum handoff subproblem to obtain the
optimal xm,n. Hence, the problem formulated in (37) can
be transformed equivalently into two subproblems, i.e.,
power allocation subproblem of one SU-spectrum pair
and the spectrum handoff subproblem of all the SUs. In
the following subsections, we solve the two subproblems,
respectively.

8.2.1 Optimal power allocation subproblem
We assume that the mth interrupted SU chooses the nth
subchannel as handoff target subchannel, i.e., xm,n = 1,
Cn ∈ �m,nm , 1 ≤ m ≤ M, 1 ≤ n, nm ≤ N , and the optimal
power allocation subproblem of the SU-spectrum pair can
be formulated as:

max
Pm,n

Rm,n − q(Pm,n + Pcir), (40)

s.t. C1 : Pm,n ≤ Pmax
m ,

C2 : Rm,n ≥ Rmin
m .

It can be proved easily that the above optimization prob-
lem is a convex problem which can be solved using tradi-
tional optimization tools. In this paper, we apply Lagrange
dual method to solve the problem. The Lagrangian func-
tion of (40) can be written as:

L(μm, γm,Pm,n) = Rm,n − q(Pm,n + Pcir)
−μm(Pm,n − Pmax

m ) − γm(Rmin
m − Rm,n)

(41)

where μm, γm ≥ 0 are the Lagrange multipliers cor-
responding to the maximum power constraint and the
minimum data rate constraint, respectively. The Lagrange
dual problem of (40) can be formulated as follows:

min
μm,γm

max
Pm,n

L(μm, γm,Pm,n)

s.t. μm ≥ 0, γm ≥ 0.
(42)

The above dual problem can be solved by optimizing
the transmit power for a fixed set of Lagrange multipli-
ers and updating the Lagrange multipliers iteratively. For a
given set of Lagrange multipliers {μm, γm}, we can obtain
the locally optimal transmit power through calculating the
derivative of L(μm, γm,Pm,n) over Pm,n and setting it to 0,
i.e.,

∂L(μm, γm,Pm,n)

∂Pm,n
= 0. (43)

Solving the equation over Pm,n, we obtain:

Pm,n =
[

(1 + γm)Bn
(μm + q) ln 2

− σ 2

h2m,n

]+
(44)

where [z]+ = max(0, z). The Lagrange multipliers μm and
γm in (44) can be updated based on the gradient method,
i.e.,

μm(t + 1) = [
μm(t) − ε1(Pmax

m − Pm,n)
]+, (45)

γm(t + 1) = [
γm(t) − ε2(Rm,n − Rmin

m )
]+ (46)

where ε1 and ε2 are stepsize. The proposed Lagrange
dual method-based power allocation algorithm is shown
in Algorithm 2.

8.2.2 Spectrum handoff subproblem
Through assuming xm,n = 1, Cn ∈ �m,nm , 1 ≤ m ≤ M,
1 ≤ n, nm ≤ N , we can obtain the locally optimal power
allocation strategy, denoted as P∗

m,n. Substituting Pm,n by
P∗
m,n in (39), we obtain:
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Algorithm 2 Lagrange Dual Method Based Power
Allocation Algorithm
1 Set the maximum number of iterations tmax,

and the maximum tolerance ω2
2 Initialize the Lagrange multipliers μm, γm for t = 0
3 repeat{loop}
4 Obtain the power allocation strategy

Pm,n =
[

(1+γm)Bn
(μm+q) ln 2 − σ 2

h2m,n

]+

5 Update the Lagrange multipliers:
μm(t + 1) = [

μm(t) − ε1(Pmax
m − Pm,n)

]+;
γm(t + 1) = [

γm(t) − ε2(Rm,n − Rmin
m )

]+
6 if |μm (t + 1) − μm (t)| + |γm (t + 1) − γm (t)| ≤ ω2

then
7 Convergence = true
8 return P∗

mn = Pmn
9 else
10 t = t + 1
11 end if
12 until Convergence = true or t = tmax

M∑
m=1

N∑
n=1

xm,n(R∗
m,n − q(P∗

m,n + Pcir)) (47)

where R∗
m,n = Bnlog2

(
1 + P∗

m,nh2m,n
σ 2

)
. For a given P∗

m,n,

R∗
m,n − q(P∗

m,n + Pcir) is a constant; therefore, the problem
of maximizing (47) is simplified as selecting the optimal
xm,n, which can be solved based on the following optimal
spectrum handoff subproblem:

max
xm,n

M∑
m=1

N∑
n=1

xm,n(R∗
m,n − q(P∗

m,n + Pcir))

s.t. C1 − C4 in (33).
(48)

The optimization problem formulated in (48) is a lin-
ear binary optimization problem which is equivalent to a
bipartite matching problem in graph theory and can be
solved based on the K-M algorithm [23]. Before apply-
ing the K-M algorithm, we first introduce some related
concepts and theorem as follows.

Complete bipartite graph: Given a graph G = (V ;E)

which consists of a set V of vertices and a set E of
edges which connect a pairs of vertices, if the set V is
divided into two disjoint and nonempty sets, X and
Y , i.e., V = X ∪ Y , every edge in E joins one vertex
in X to another vertex in Y , and no edge connects
two vertices of the same set, we call G a complete
bipartite graph.

Complete bipartite graph: Given a graph G = (V ;E)

which consists of a set V of vertices and a set E of
edges which connect a pairs of vertices, if the set V is
divided into two disjoint and nonempty sets, X and
Y , i.e., V = X ∪ Y , every edge in E joins one vertex
in X to another vertex in Y , and no edge connects
two vertices of the same set, we call G a complete
bipartite graph.

Weighted complete bipartite graph: A complete bipar-
tite graph G = (V ;E) is a weighted complete bipar-
tite graph if any edge ex,y ∈ E connecting x ∈ X and
y ∈ Y is assigned a nonnegative weight w(x, y).

Maximummatching: AmatchingH of graphG = (V ;E)

is defined as a subset H ⊆ E which meets the con-
dition that for ∀ex,y, ex′,y′ ∈ H , ex,y, ex′,y′ are not
adjacent in G. The size of a matching H , denoted by
|H|, is defined as the number of edges contained in
H . A matching H is called a maximum matching if
the condition

∣∣H ′∣∣ ≤ |H| holds, where H ′ denotes
any other matchings of G.

Optimal matching: The maximum matching H of graph
G = (V ;E) is called an optimal matching if it
achieves the maximum sum weight, i.e.,

∑
ex,y∈H

w(x, y) ≥
∑

ex,y∈H ′
w(x, y). (49)

Feasible vector labeling: A real valued function l such
that for any x ∈ X and y ∈ Y , l(x) + l(y) ≤ w(x, y)
holds.

Equality subgraph: If l is a feasible labeling, let Gl
denotes a subgraph ofG; if the condition l(x)+l(y) =
w(x, y) is met, thenGl is called the equality subgraph
with respect to l.

Theorem: If l is a feasible labeling of G, and H is an opti-
mal matching of X to Y with H ⊆ Gl, then H is
an optimal assignment of X to Y . Thus, the problem
of finding an optimal assignment is reduced to the
problem of finding a feasible vertex labeling of which
the equality subgraph contains an optimal matching
from X to Y .

Applying the K-M algorithm to solve the spectrum
handoff subproblem of the interrupted SUs, a weighted
bipartite graph G with bipartite division G0 = (V1,V2,E)

is constructed, where the set of vertices V1 repre-
sents the collection of the interrupted SUs, i.e., V1 =
[ SU1, SU2, ..., SUM]; SUm represents the mth interrupted
SU, 1 ≤ m ≤ M; and the set of vertices V2 represents the
collection of subchannels, i.e., V2 =[ C1, C2, ..., CN ]; the
weight of the edge eSUm,Cn is defined as:

w(SUm, Cn) = R∗
m,n − q(P∗

m,n + Pcir). (50)
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The steps for solving the optimal spectrum handoff sub-
problem based on the K-M algorithm can be described as
follows.

1. Find an initial feasible vertex labeling l(u)

2. For given l(u), determine G0
l from G0 and select a

maximum matching H .
3. If H is an optimal matching, then the optimization

problem formulated in (48) is solved. Otherwise, a
label having not being allocated byH is selected inG0

l .
Set S = V1, and T = 
 , which denotes the empty set.

4. NG0
l
(S) denotes the collection of points which con-

nect with S in G0
l . If NG0

l
(S) �= T , go to step 3.

Otherwise, NG0
l
(S) = T . Find

� = min
u,v

(l(u)|l(u)+l(v)−w(u, v),u ∈ S, v ∈ V2−T)

(51)

and define

l
′
(u) =

{ l(u) − �, u ∈ S
l(u) + �, u ∈ T
l(u), others.

5. Replace l(u) by l′(u), go back to step 2.

Through conducting above process iteratively, an opti-
mal matching of G can be obtained corresponding to the
optimal spectrum handoff strategy of interrupted SUs.

9 Simulation results and discussions
9.1 Simulation results
In this section, we examine the performance of the pro-
posed algorithm and compare with two previously pro-
posed algorithms via simulation. In the simulation, we
consider a heterogeneous network scenario consisting of
one PN and two CRNs, denoted as CRN1 and CRN2,
respectively. We assume that all SUs are randomly located
in a rectangular region with the size being 100 m× 100 m.
The number of PUs in the PN is chosen as 5, the chan-
nel of each PU is divided into 3 or 4 subchannels, and we
assume that SUs are allowed to occupy the subchannels
of PU1, PU2, and PU3 when accessing CRN1, while are
allowed to occupy the subchannels of PU4 and PU5 when
accessing CRN2. The subchannel bandwidth of PU1, PU2,
and PU3 is chosen as 1 MHz and that of the PU4 and PU5
is chosen as 1.2 MHz. The channel model applied in the
simulation follows (18), and the noise power is chosen as
−136 dBm. The minimum data rate requirement of all the
interrupted SUs is set as 1Mbits/s. The arrival rate and the
service rate of the SUs are chosen as 5 and 25, respectively.
To examine the impacts of PUs’ service characteristics on
the transmission performance of the interrupted SUs, we
consider three cases of the combination of λ

p
n and μ

p
n,

1 ≤ n ≤ N . λ
p
n and μ

p
n and other system parameters

used in the simulation are summarized in Tables 1 and 2.

Table 1 Parameters about the packet arrival rate and service rate
of the PUs

PN PU1 PU2 PU3 PU4 PU5

Index of subchannel (n) 1–3 4–6 7–10 11–14 15–18

Bandwidth of subchannel (MHz) 1 1 1 1.2 1.5

Case 1 λ
(p)
n 5 10 10 10 5

μ
(p)
n 15 20 15 20 15

Case 2 λ
(p)
n 5 10 10 10 5

μ
(p)
n 10 20 15 15 10

Case 3 λ
(p)
n 8 15 10 12 5

μ
(p)
n 10 20 15 15 10

The delay parameters of CRN1 and CRN2 are shown in
Table 3. The simulation results are averaged over 1000
independent realizations where each realization involves
different realizations of the positions of SUs.
Figure 3 shows the energy efficiency of the interrupted

SUs versus the number of iterations obtained from the
proposed algorithm. For comparison, we examine the
results obtained for different numbers of the interrupted
SUs. The maximum transmit power Pmax is chosen as
0.1W, and the service characteristics of PUs are cho-
sen as Case 2 in Table 1. From the figure, we can see
that the energy efficiency converges within a small num-
ber of iterations for three cases. Comparing the results
obtained from different number of SUs, we can see that
the energy efficiency of the SUs decreases slightly with the
increase of the number of SUs; this is due to the resource
competition among the SUs. More specifically, for given
subchannel characteristics, in the case that the number of
interrupted SUs is small, more flexible and efficient hand-
off subchannel selection policymight be achieved in terms
of the transmission performance of individual SUs, hence
resulting in better total energy efficiency performance.
However, as the number of interrupted SUs increases,
assigning each SU a handoff subchannel with relatively
good performance is getting difficult, thus resulting in the
degradation in total energy efficiency.
Figure 4 shows the energy efficiency versus the maxi-

mum transmit power (Pmax
m ) of interrupted SUs for differ-

ent numbers of SUs. To plot the curves, we assume that
Pmax
m is chosen to be the same for all the interrupted SUs.

For a fixed Pmax
m , we conduct the proposed scheme and the

schemes proposed in [12, 16], respectively. In plotting the
figure, the service characteristics of PUs is chosen as Case

Table 2 Parameters about maximum tolerable delay of different
SUs

Index of SU 1 2 3 4 5 6 7 8 9 10

Maximum
0.55 0.65 0.45 0.65 0.65 0.55 0.65 0.65 0.65 0.45tolerable delay(s)
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Table 3 Delay parameters

tprep(s) trecfg(s) tswitch(s) tsensyn (s) tsen(s) tdec(s) ttxsyn(s)

CRN1 0.1 0.3 0.002 0.025 0.05 0.025 0.025

CRN2 0.1 0.3 0.002 0.025 0.025 0.025 0.025

2 in Table 1 (the same as in Figs. 5 and 6). Based on the
obtained handoff subchannel selection and power alloca-
tion strategy, the total energy efficiency of the SUs can be
examined and is plotted in the figure.
In Fig. 4, comparing the results obtained from the pro-

posed scheme and the schemes proposed in [12, 16], we
can see that for small Pmax

m , the energy efficiency increases
with the increase of Pmax

m for three algorithms, indicating
a larger power threshold is desired for achieving the max-
imum energy efficiency. However, as Pmax

m reaches to a
certain value, the energy efficiency obtained from our pro-
posed algorithm converges to a fixed value, which will not
change with the increase of Pmax

m . The reason is that the
optimal energy efficiency has achieved when the trans-
mit power is less than Pmax

m , further increasing Pmax
m will

not change the optimal transmit power; thus, the resulted
energy efficiency will not change. On the other hand,
when Pmax

m reaches to a certain value, the energy efficiency
obtained from the other two schemes decreases with the
increase of Pmax

m . This is because the schemes proposed
in [12, 16] aim to achieve the maximum data rate and the
minimum service time of the SUs, respectively, thus may
require higher power consumption, resulting in unde-
sired energy efficiency. Comparing the three curves in the

figure, we can see that the proposed scheme outperforms
the schemes proposed in [12, 16].
Figure 5 shows the energy efficiency versus the maxi-

mum transmit power of the interrupted SUs for different
circuit power consumption. It can be seen from the figure
that the energy efficiency decreases with the increase
of circuit power consumption. Comparing the results
obtained from the proposed algorithm and the algorithms
proposed in [12, 16], we can see that the proposed scheme
offers higher energy efficiency than the schemes proposed
in [12, 16].
In Fig. 6, we examine the performance of various

spectrum handoff schemes and compare the energy effi-
ciency of the interrupted SUs obtained from the proposed
joint optimization scheme and other two schemes, i.e.,
Schemes 1 and 2. For both Schemes 1 and 2, the optimal
power allocation strategy is achieved through maximizing
the energy efficiency of each SU-spectrum pair; we then
apply different spectrum handoff strategies. For Scheme
1, handoff subchannels are selected in order to achieve
the minimum total transmission time of the SUs, while for
Scheme 2, we apply random spectrum handoff scheme,
i.e., the handoff subchannels of the interrupted SUs are
randomly selected. It can be seen from the figure that
the proposed algorithm offers better performance in com-
parison with the other two schemes, indicating that joint
design of spectrum handoff and power allocation results
in performance enhancement.
In Fig. 7, we examine the energy efficiency obtained

from the proposed scheme with different service charac-

Fig. 3 Energy efficiency versus the number of iterations (different numbers of the interrupted SUs). The energy efficiency of the interrupted SUs
versus the number of iterations obtained from the proposed algorithm
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Fig. 4 Energy efficiency versus maximum transmit power (different numbers of the interrupted SUs). The energy efficiency versus the maximum
transmit power of the interrupted SUs for different numbers of the SUs

teristics of PUs, including Cases 1, 2, and 3 in Table 1 and
that without considering interruption delay constraint.
We choose the number of interrupted SUs, i.e., M as 10
in examining the performance. It can be seen from the
figure that the scheme without considering interruption
delay constraint offers the highest energy efficiency com-
pared to other cases. This is because interruption delay
constraint poses requirements on candidate subchannels,
thus results in smaller energy efficiency. Comparing the
three curves obtained for different service characteristics
of PUs, we can see that Case 1 offers the highest energy
efficiency whereas Case 3 results in the lowest energy effi-
ciency. The reason is that compared to Cases 2 and 3,
the arrival rate of PUs is relatively small while the service
rate is relatively high in Case 1; thus, the average channel
busy time resulted from the transmission of the PUs will
be small, resulting in more flexible and efficient subchan-
nel selection and better energy efficiency performance in
turn.

9.2 Discussion on channel model
The channel model considered in this paper is Friis free-
space propagation model, where the channel gain of the
links between SUs and their corresponding CBSs is con-
stants, determined by the transmitter-receiver separation
distance and carrier frequency; thus, for SUs located at
different positions, applying different spectrum handoff
and power allocation strategies may result in different
transmission performance and energy efficiency in turn.
In this paper, for given fixed channel characteristics, we

jointly consider the transmission performance of a num-
ber of handoff SUs and design the optimal spectrum
handoff and power allocation strategy for all the handoff
SUs.
In wireless communication systems, wireless channel is

usually time-varying, which is resulted from the move-
ment of users and the fading effects during signal trans-
mission. However, under the assumption that PUs and
SUs move with relatively low speed, we can assume that at
interested transmission time, channel characteristics will
not change due to user movement. While fading effects
may result in the variation of change gain, in the case
that the variation of the channel gain is relatively slow,
we can also assume that at interested transmission time,
channel characteristics are static, i.e., the channel gain is a
constant, and design the corresponding spectrum handoff
and power allocation scheme.
It should be mentioned that small-scale fading effects

caused by multipath propagation may affect link charac-
teristics and transmission performance in turn; however,
as small-scale fading effects describe the fluctuations in
the received signal envelope relative to the local average of
the path loss effects, in the case of week small-scale fading
effects, i.e., the average power of the small fading effects,
which are commonly modeled as Rayleigh random vari-
ables is relatively small, the impacts of small-scale fading
on channel characteristics and transmission performance
are relatively small compared to pass loss effects, thus can
be ignored. In this case, the proposed algorithm in this
paper can be applied under acceptable error threshold.
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Fig. 5 Energy efficiency versus maximum transmit power (different circuit power). The energy efficiency versus the maximum transmit power of the
interrupted SUs for different circuit power consumption

In the case of strong small-scale fading effects, the
impacts of channel fading on transmission performance
of users may not be ignored and Friis free-space prop-
agation model cannot represent the channel effects
accurately. However, as long as the channel characteris-
tics can be obtained in advance, for instance, through
applying channel training schemes and the variation of
channel characteristics is slow compared to the trans-
mission duration of user information, the basic idea
of the proposed algorithm can still be applied to this
type of channel scenario. As for given channel char-
acteristics, the energy efficiency of all the SUs can be
examined and optimized according to the method pro-
posed in the paper. It should be noticed that in this
case, the accuracy of channel estimation may affect
the performance of spectrum handoff and power allo-
cation. Although highly accurate channel estimation is
desired, it may require large signaling cost and high
power consumption; thus, a trade-off between chan-
nel estimation and transmission performance should be
stressed.

While it is commonly assumed that the channel fad-
ing varies relatively slow, thus follows slow fading, it is
also possible that the channels between SUs and their cor-
responding CBSs may experience fast fading, in which
case the assumption that the channel characteristics are
constants during the transmission periods does not hold,
we may not be able to apply the proposed algorithm
in a straightforward manner. Instead, we may consider
examining the average transmission performance of the
channel and the average system performance by taking
into account the statistical characteristics of the channels
and managing to optimize the average performance of the
system. In our future work, we will study the design of
spectrum handoff and power allocation algorithms under
fading channel scenarios.

10 Conclusions
In this paper, an optimal joint spectrum handoff and
resource allocation scheme is proposed for interrupted
SUs in heterogeneous CRNs. The interruption delay
of the SUs is analyzed based on an M/G/1 model,
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Fig. 6 Proposed joint resourcemanagement architecture. The energy efficiency versus themaximum transmit power of the interrupted SUs obtained
from the proposed scheme, total transmission time minimization-based spectrum handoff (Scheme 1) and random spectrum handoff (Scheme 2)

and the subchannels which meet the interruption delay
and data rate constraints are selected as handoff can-
didate subchannels. The optimization problem which
maximizes the energy efficiency of the interrupted SUs
under spectrum handoff, QoS requirement, and the
maximum power constraints is formulated and solved

through iterative algorithm, Lagrange dual method,
and the K-M algorithm. Numerical results demonstrate
that compared to the previously proposed algorithms,
our proposed energy efficiency-based joint spectrum
handoff and resource allocation scheme offers better
performance.

Fig. 7 Energy efficiency versus maximum transmit power (with different service characteristics of PUs and without considering interruption delay
constraint). The energy efficiency obtained from the proposed scheme with different service characteristics of PUs and without the interruption
delay constraint of the interrupted SUs
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