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Abstract. Cognitive radio networks need to operate in a wide range of
frequencies. This requirement brings up new challenges that do not exist
in other wireless networks. Switching from a certain frequency to another
frequency incurs a non-negligible cost in cognitive radio networks and
depends on the distance between the previous and current frequencies.
This cost is especially important in ad hoc cognitive radio networks when
the cognitive devices have a single transceiver. Research studies related
to green networks indicate the need for methods that address energy
consumption in cognitive radio networks. In this paper, we analyze the
impact of the channel switching cost in terms of energy consumption. We
formulate an optimization problem that makes frequency and time slot
allocation to the cognitive devices in an ad hoc cognitive radio network
so that the energy cost related to frequency switching is minimized. We
formulate our optimization problem as an integer linear program and
comparatively evaluate the energy cost of varying switching energy con-
sumption with constant switching energy consumption. Our simulation
results indicate that taking into account the different energy consump-
tion while switching to different frequency bands is vital for resource
allocation in cognitive radio networks with a single transceiver.

Keywords: Cognitive radio · Ad-hoc networks · Energy efficiency ·
Channel switching · Frequency switching · Resource allocation

1 Introduction

Fixed spectrum assignment policy in current wireless networks leads to inef-
ficiency in spectrum usage. To this end, researchers have proposed dynamic
spectrum access concept, which refers to opportunistic usage of frequencies by
intelligent devices called cognitive radios (CR) or secondary users (SU). Users
who have exclusive rights to use the spectrum are called primary users (PU).
SUs need to operate in such a way that the operation of PUs is not affected.
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Availability of a particular frequency to a particular SU depends on the spectrum
usage behaviors of the PUs in the vicinity of the SUs [1].

An SU consumes energy to change its operation frequency. This energy con-
sumption in general depends on the distance between the previous and current fre-
quency bands [2]. For instance, switching from central frequency of 700 MHz to 10
GHz leads to larger energy consumption than switching from 700 MHz to 750 MHz.
This behavior is directly related to the different channel switching delay while
switching to different frequency bands [3] since spending more time for switching
naturally consumes more energy. This energy consumption might be negligible in
wireless technologies that operate in a narrow band; however, cognitive radios are
expected to operate in a wide range of spectrum and hence the energy consumption
due to channel switching is crucial for cognitive radio networks [2]. The emerging
green networking paradigm that focuses on energy efficiency of both wired and
wireless technologies puts emphasis on techniques that enhance the energy effi-
ciency of new technologies such as cognitive radio networks [4].

Studies in the literature analyzed the impact of channel switching in CRNs
mostly in terms of delay [5–10]. Most of these works focus primarily on minimiz-
ing the number of channel switchings along the routing path; in other words, they
assume constant switching delay whenever channel switching occurs irrespective
of from which frequency and to which frequency the channel switching has taken
place. Only [5] and [6] consider the dependence of channel switching delay on
the distance between the previous and current frequencies. The work in [3], on
the other hand, focuses on scheduling in centralized cognitive radio networks
and analyzes the impact of channel switching delay on throughput. The authors
propose a scheduling algorithm that considers the different hardware delay that
occurs while switching to different frequency bands. The work in [11] focuses
on minimizing the service interruption by taking into account the dependence
of switching delay on the frequency distance. To the best of our knowledge, the
work in [2] is the only work in the literature that considers the impact of fre-
quency distance-aware channel switching on energy efficiency in cognitive radio
networks. However, unlike our work, the work in [2] concentrates on scheduling
in centralized cognitive radio networks.

Most works about routing in cognitive radio networks consider the case where
the CR devices have multiple transceivers/interfaces [11–15]. However, having
multiple transceivers is costly and therefore, scenarios where CRs have a single
transceiver are more realistic. There are some works in the literature that focuses
on the case with single transceivers [16–18]. In a multi-hop CRN, channel switch-
ing cost becomes especially important when each CR has a single transceiver.
However, unlike our work, none of the works in [16–18] focus on the energy cost
related to the channel switching of the single transceiver.

The rest of this paper is organized as follows: In Section 2, we provide our
optimization problem formulation as an integer linear program. In Section 3, we
present our numerical evaluation and then conclude the paper in Section 4.
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2 Problem Formulation

We represent the ad hoc CRN as a graph G = (V,E), where the vertices in V
correspond to the SUs and the edges in E corresponds to the communication
links between the SUs. We consider the situation where the routing is prede-
termined; in other words, if a link exists between a pair of SUs, it means that
link is used to carry data along some route. The scheduling period consists of
T time slots. There are a total number of F frequencies. A subset of these F
frequencies is available for each SU in each time slot. Availability of the frequen-
cies is determined by the PU spectrum occupancy behavior in the geographical
region of the ad hoc CRN. The goal of our integer linear programming (ILP)
formulation is to assign a time slot and frequency to each SU so that the total
energy consumption of the SUs due to frequency switching is minimized.

Table 1 and 2 present the decision and input variables, respectively, of our ILP
formulation. If xvft = 1, it means the single transceiver of the SU corresponding
to vertex v is tuned to use frequency f in one of its incident links (an incident
link e with xeft = 1) in time slot t. Besides, yvff ′t is the main decision variable
used in the calculation of the objective function. If at the beginning of time slot
t, vertex v switches to frequency f from frequency f ′, then yvff ′t = 1. yvft is
another decision variable needed to model the behavior of yvff ′t by taking into
account the silent (idle) time slots (will be explained in the sequel).

Table 1. Table for decision variables

Varible Description

xvt =

{
1, if vertex v is assigned some frequency in time slot t

0, otherwise.

xeft =

{
1, if edge e is assigned frequency f in time slot t

0, otherwise.

xvft =

{
1, if vertex v is assigned frequency f in timeslot t

0, otherwise.

yvft =

{
1, if xvft = 1 or xvf(t−1) = 1

0, otherwise.

yvff ′t =

{
1, if yvft = 1 and yvf ′(t−1) = 1

0, otherwise.

Table 2 shows input variables that are given to the ILP formulation. The
value of switching cost cff ′ denotes the energy consumption that occurs while
switching from/to frequency f to/from f ′ and depends on the hardware of the
cognitive nodes. Switching cost to/from the same frequency equals zero, whereas
the switching cost between different frequencies has a nonzero and symmetric
cost. Besides, the values of avft are determined by the spectrum usage behavior
of the PUs.
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Table 2. Table for input variables

Input Variable Description

cff ′ = Switching cost (in terms of energy consumption) to transition from/to
frequency f to/from frequency f ′

avft =

{
1, if frequency f is available for vertex v in time slot t

0, otherwise.

G = (V,E) = Network represented as a graph with vertex set V and edge set E

T = Total number of time slots

F = Total number of frequencies

Objective function of our ILP formulation is as follows:

min
|V |∑

v=1

F∑

f=0

F∑

f ′=0

T∑

t=0

cff ′ × yvff ′t (1)

The objective function in Equation (1) minimizes the switching cost of all vertices
(nodes) in the graph (network). The decision variable yvff ′t indicates whether
there has been a frequency switching at vertex v from f ′ to f at the beginning of
time slot t; i.e., basically, yvff ′t = yvft × yvf ′(t−1). This relation will be modeled
by the constraints and explained later.

Recall that routing is predetermined in our scenario. In other words, every
edge e ∈ E carries data and should therefore be assigned at least one time slot
during the scheduling period. The following constraint achieves this behavior:

F∑

f=1

T∑

t=1

xeft ≥ 1;∀e ∈ E (2)

Since only available frequencies can be assigned to a particular vertex, we
need the following constraint:

xvft ≤ avft;∀v, f, t (3)

Since each node (vertex) has a single transceiver, at most one incident edge
can be given service in each time slot. Therefore, we need to ensure that xvft =

|E|∑

e∈E(v)

xeft. Furthermore, since the values of the decision variables yvff ′t depend

on the frequency assignments in the previous time slot, in order to properly
handle the situation in the first time slot, we define an auxiliary frequency f = 0
and an auxiliary time slot t = 0. The auxiliary frequency f = 0 is not assigned to
any vertex for time slots t ≥ 1. Besides, all vertices are assigned frequency f = 0
in time slot t = 0 (will be enforced in constraints (4) and (5)). The inputs cff ′ are
given such that the switching cost from frequency 0 to all other frequencies equals
zero. This behavior is necessary in order to linearize our integer programming
formulation and handle the border case in the first time slot. In other words,
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frequency f = 0 and time slot t = 0 are defined to handle the value of yvff ′t in
the first time slot t = 1. All vertices are assigned frequency f = 0 in time slot
t = 0. Switching cost between frequency f = 0 and any other frequency is zero.
Frequency f = 0 cannot be used in other time slots t �= 0. Hence, we need the
following constraints:

xvft = 1 ; for f = t = 0 and ∀v (4)
yvft = 1 ; for f = t = 0 and ∀v (5)

xvft =
|E|∑

e∈E(v)

xeft = 0 ; for f = 0 (6)

xvft =
|E|∑

e∈E(v)

xeft ≥ 1 ; ∀f ≥ 1 (7)

The following constraints ensure the multiplication of the decision variables
such that yvff ′t = yvft × yvf ′(t−1). This way, if there is a switching between
frequencies f ′ and f at vertex v, the variable yvff ′t is set to 1.

yvff ′t ≤ yvft; ∀v, f, t ≥ 1 (8)
yvff ′t ≤ yvf ′(t−1); ∀v, f, f ′, t ≥ 1 (9)

yvft + yvf ′(t−1) − 1 ≤ yvff ′t; ∀v, f, f ′, t ≥ 1 (10)

Notice that it is not a requirement that each vertex is assigned some frequency
in every time slot; some vertices may not be assigned a frequency in some time
slots. We refer to such a time slot as a silent time slot for that vertex. We
assume that the transceiver of the node is tuned to the last used frequency
in that time slot. When some other frequency is used in a tim eslot following
the silent time slot(s), an energy consumption cost corresponding to frequency
switching occurs. We need to make sure that the decision variable yvff ′t handles
the silent time slots properly. To this end, we need to ensure the following set
of nonlinear inequalities: a) If xvft = 0, then yvft = yvf(t−1) and b) If xvft = 1,
then yvft = 1. These nonlinear constraints can be linearized as follows:

yvft − yvf(t−1) ≤ xvft; ∀v, f, t ≥ 1 (11)
yvf(t−1) − yvft ≤ xvft; ∀v, f, t ≥ 1 (12)

xvft ≤ yvft; ∀v, f, t ≥ 1 (13)

Since each node has a single transceiver and a transceiver can tune to at
most one frequency at a time, we need to ensure that at most one frequency is
assigned to each vertex in each time slot:

F∑

f=1

xvft ≤ 1; ∀v, t (14)
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We also need to model the relationship between the decision variables xvt

and xvft. In particular, xvt = 1 if and only if some frequency f is assigned to
vertex v in timeslot t. We model this relation as follows:

F∑

f=1

xvft = xvt; ∀v, t (15)

In order to increase the utilization in the network and achieve more through-
put, less queueing delay and more realistic network behavior, we need to avoid
the situation that two adjacent vertices are idle. To this end, we ensure in the
following that at least one of two neighboring nodes is assigned some frequency
in each time slot:

xvt + xv′t ≥ 1; ∀v, t,∀v′ ∈ N(v) (16)

where N(v) denotes the neighborhood of vertex v, i.e., the set of vertices that
are adjacent to vertex v.

3 Simulation Results

In this section, we present our simulation results and comparatively evaluate
our ILP formulation solutions with different input parameter settings. We have
implemented our ILP formulation introduced in Section 2 by using CPLEX [19].
We have made performance evaluation under different number of frequencies,
primary users and secondary users. In our simulation environment, PUs and
SUs are distributed randomly in a 400 m2 two dimensional Euclidean space. As
in [11], we set the operation range of each SU to a radius of 110 m. If two SUs
are within the operation range of each other, then there is an edge connecting
the two vertices corresponding to these SUs in the input graph G fed into our
ILP formulation. Likewise, we set the operation range of each PU to 170 m
radius. An SU within the operation range of a PU cannot use the frequency
used by that PU in that time slot. Furthermore, each scheduling period consists
of 20 time slots, i.e., T = 20. All PUs are assigned a random frequency at the
beginning of the simulation. In every time slot, each PU changes its frequency
with a probability of Pc = 0.1. If a PU changes its frequency, the probability of
selecting each frequency is equally likely.

In 2009 full power analog TV ceased operation and hence, the frequency
range between 54 MHz and 806 MHz were cleared due to the transition to
digital TV [20]. In accordance with these frequency bands that became available
for cognitive radio operation, we set the frequency range in our experiments
between 460 MHz and 700 MHz with the bandwidth of each channel being 20
Mhz. In other words, the highest number of frequencies used in our experiments
is 13. According to the work in [2], switching latency is 0.1 ms/MHz. In the
same article, channel switching power is assumed to be 1 W. In accordance with
this information, we set in our model the energy consumption incurred due to
switching between two frequencies with a difference of 20 MHz as 0.002 Joule.
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We have evaluated the impact of the following three parameters in our sim-
ulations: number of primary users, number of secondary users and number of
frequencies. Values of the other parameters remain constant in all experiments.
As a result, we calculate two separate solutions corresponding to two different
cost schemes. Notice that the energy consumption due to frequency switching
is proportional to the time it takes to complete the frequency switching, i.e.,
switching delay. We refer to the first scheme as varying cost. Varying cost scheme
relies on the fact that switching delay and hence the energy consumption due to
frequency switching depends on the distance between the previous and current
frequencies. We refer to the second scheme as fixed cost. Fixed cost scheme relies
on the assumption that switching delay and hence the energy consumption due
to frequency switching is the same (constant value) as long as the previous and
current frequencies are different. We have taken this constant value as 0.002
Joule in our simulations.

Table 3 displays the range of values for the evaluated parameters. When
investigating the impact of a particular parameter, we set the value of the other
parameters to their middle values, which are also shown in Table 3. We take the
sample mean of 15 random experiments in each setup.

Table 3. Parameter names and range of values evaluated in the experiments

Parameter Range Min Range Max Middle Value

Frequency 5 13 10

Secondary User 5 13 10

Primary User 3 7 5

Figure 1 shows that varying cost scheme is advantageous when the number
of frequencies in the CRN is less than 7. Furthermore, when the number of
frequencies is high, the cardinality of the frequency set that is available for the
SUs also increases. This increasing availability makes it possible to switch to
closer frequencies and hence decreases the energy consumption due to frequency
switching.

In Figure 2, we observe that the number of secondary users does not have a
consistent and stable impact on the performance of the fixed cost scheme, which
fluctuates and is hence unpredictable. In contrast, the switching cost of varying
cost scheme increases linearly with number of secondary users. In some parts,
fixed cost scheme performs better than varying cost. However, its unpredictabil-
ity can discourage cognitive radio systems to rely on fixed switching cost in order
to schedule their networks. As a result, predictable and consistent performance
of varying cost scheme (in addition to the fact that it is more realistic) can make
it preferable.

Figure 3 shows the impact of increasing number of PUs. Since the frequen-
cies that are available for the SUs decrease as the number of PUs increases, SUs
become obliged to make frequency switching more often and between increas-
ingly distant frequencies. Especially when we have more than 5 primary users,
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Fig. 1. Average switching cost for varying number of frequencies
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Fig. 2. Average switching cost for varying number of secondary users
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Fig. 3. Average switching cost for varying number of primary users

average switching cost of fixed cost solutions increases faster than varying cost
solutions. This figure demonstrates the strength of our varying cost scheme since
it outperforms the constant cost scheme especially when there are a high number
of PUs.

4 Conclusion

In this paper, we present an optimization model in the form of an integer linear
programming formulation that makes frequency and time slot allocation for ad
hoc cognitive radio networks with a single transceiver. Our formulation aims
to minimize the energy consumption due to frequency switching by taking into
account the fact that energy consumption due to frequency switching depends on
the distance between the previous and current frequencies. Our simulation results
indicate that our idea of taking into account the different energy consumption
that occurs during switching to different frequency bands is essential for ad hoc
cognitive radio networks especially when there are a high number of primary
users in the vicinity of the secondary users.

As a future work, we plan to analyze the performance of our algorithm with
higher number of frequencies and secondary users. We believe that the difference
between constant switching cost case and our suggestion of varying switching cost
will be more evident in a network with a high number of secondary users and
frequencies. Furthermore, we also plan to analyze the computational complexity
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of our integer linear programming formulation and propose a computationally
efficient heuristic algorithm.
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