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Abstract

energy saving through the joint optimization.

In a cognitive radio network (CRN), when the secondary users (SUs) are battery-powered devices, the concept of
energy-efficient design is very important. The sensing time and the number of cooperative SUs in the cooperative
spectrum sensing could greatly affect energy consumption and throughput of the system. In this paper, we propose
an energy utility function by formulating the achievable data rate of a cooperative CRN in terms of the energy
consumption by the CRN. The maximization of the energy utility function is obtained by jointly designing the sensing
time, sensing threshold, and number of cooperative SUs with the constraint of sufficient protection for primary user
(PU). Numerical results show that the CRN can achieve almost the maximum achievable data rate with significant

Keywords: Cognitive radio network; Energy-efficient design; Sensing time; Sensing threshold

Introduction

With the rapid growth of wireless services, scarcity of
spectrum resources has become the bottleneck of its
development. Under the current fixed spectrum alloca-
tion policy, the utilization of the licensed spectrum varies
from 15% to 85%, whereas only 2% of the spectrum would
be used in the US at any given moment [1]. This moti-
vates the advent of cognitive radio network (CRN) which
was first introduced in 1999 by J. Mitola III [2], where the
secondary users (SUs) opportunistically utilize the tem-
porarily unused spectrum which is licensed to primary
user (PU). And CRN has been proved to be an effi-
cient solution for spectrum shortage and underutilization
problem.

Up to now, a lot of work has been done to investigate
the CNR. In [3], the use of multipath and single-path
quality of service (QoS)-aware routing algorithms under
harsh smart grid (SG) environmental conditions is inves-
tigated in order to evaluate their service differentiation
capabilities in reliability and timeliness domains. In [4], a
novel approach is proposed to set different reliability val-
ues for image packets for image transmission in wireless

*Correspondence: wuxia80@seu.edu.cn

1 Department of Mathematics, Southeast University, 210000 Nanjing, People’s
Republic of China

2National Mobile Communications Research Laboratory, Southeast University,

210000 Nanjing, People’s Republic of China

@ Springer

multimedia sensor networks (WMSNs). Using this pri-
oritization, important parts of an image are assigned
high priority and take priority during data transmission.
In [5], authors presented opportunities and design chal-
lenges of wireless sensor network (WSNs) for smart grid
applications. WSN-based smart grid applications have
been introduced, and some WSN standards and com-
munication protocols have been discussed for smart grid
applications. In [6], the authors proposed a cross-layer
framework that employs cognitive radio communication
to circumvent the hostile propagation conditions in power
systems and supports QoS for smart grid applications.
In [7], architectures to support cognitive radio (CR) net-
works in SG applications, major challenges, and open
issues have been discussed.

Compared with traditional communication systems
[8,9], CRN requires additional energy consumption, such
as the energy used in the sensing process. Furthermore,
the accuracy of the sensing results also affects the total
energy consumption. Cooperative spectrum sensing could
increase the accuracy of the sensing results by mitigating
the effect of multipath and shadowing. However, energy
consumption is a major concern, in addition to extra sens-
ing time and delay [10], as cooperative spectrum sensing
consumes additional energy to report the results to the
fusion center.
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In this paper, we focus on the energy efficiency because
of its importance in a practical CRN which is powered by
batteries. We attempt to optimize the parameters which
affect the energy consumption and the throughput of the
cooperative CRN such as sensing time, sensing threshold,
and the number of cooperative SUs. Some recent works
dealing with the issues of CRN energy efficiency have
been presented in [11-15]. In [11], the authors studied a
joint design of energy-efficient sensing and transmission
duration for a CRN in which the PU was protected. In
[12], the authors defined the energy efficiency as the ratio
of the average throughput of the CRN over the average
energy used by the CRN and a problem of jointly design-
ing the fusion rule threshold and detector’s threshold that
maximizes the energy efficiency of the CRN was stud-
ied. In [13], the authors proposed a comprehensive utility
function by formulating the transmission cost in terms
of the energy consumption of sensing process and trans-
mission process. The utility function was maximized by
optimizing the sensing time. In [14], the authors identi-
fied the sensing-access strategies and the sensing order
that achieve the maximum energy efficiency. In [15], a
comparison among different decision-fusion rules was
studied in terms of the consumed energy and the achiev-
able detection probability at a given false alarm probability
threshold.

Motivated by the previous work, we propose an energy
utility function by formulating the achievable data rate
in terms of the energy consumption in a cooperative
CRN. A weighting factor of energy consumption is intro-
duced here. The larger the value of the weighting factor
implies that the energy consumption is more impor-
tant than the achievable data rate of CRN. Taking the
maximization of the energy utility as the design objec-
tive, the optimization problem is formulated as a func-
tion of three variables, which are sensing time, sensing
threshold, and the number of cooperative SUs, subject
to the target detection probability. An algorithm is pro-
vided to solve this problem, and numerical results show
that CRN can achieve almost the maximum achievable
data rate with significant energy saving through the joint
optimization.

The rest of the paper is organized as follows. The sys-
tem model is presented in the ‘System model’ section. In
the ‘Problem formulation’ section, we propose an energy
utility function and formulate an optimize problem. And
we give an algorithm to obtain the solution of the problem
in the ‘Solution of formulation’ section. Numerical results
are presented in the ‘Numerical results’ section. Finally,
the ‘Conclusions’ section draws the conclusion.

System model
We consider a CRN with N SUs and a fusion center. All
the SUs try to use a licensed spectrum (termed channel)
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without introducing extra interference to the PU of the
spectrum. Therefore, the SUs must first perform spec-
trum sensing to determine the status of the spectrum
before using it.

During the sensing time, M out of the N SUs individ-
ually sense the status of the channel and make a deci-
sion. Then, they send their decisions to the fusion center
sequentially. Finally, based on the decisions of the SUs, the
fusion center determines the active or idle status of the
channel. If the channel is detected to be idle, the CRN will
be allowed to transmit data; otherwise, the CRN will not
be allowed to use the spectrum.

A synchronous system is assumed here, and the time is
divided into slots, each with a fixed length T. The struc-
ture of the time slot is shown in Figure 1, where t; denotes
the sensing time, and 7, represents the reporting time of
single SU, and T is the transmission time. In the reporting
block, the local sensing results are reported to the fusion
center through the common control channel (see [16])
sequentially. The common control channel operates at a
different frequency than the PU, so there is no interference
during the transmission of the reports.

Besides its low cost and simple hardware, the energy
detector has been proved as the optimal method for spec-
trum sensing when prior information is unavailable [17].
Therefore, in this paper, we perform cooperatively spec-
trum sensing based on energy detection method in the
CRN. The PU’s signal is assumed to be phase-shift key-
ing (PSK) signal; the noise is assumed to be additive white
gauss noise (AWGN) with zero mean and variance o2,
namely N (0, 02). The test statistic for energy detector is

N
Ylyom?
givenby Y = ' , ,where N = t,f. To the ith SU, the

probabilities of false alarm and detection for the channel
are given by [18]

Py(to ) = Q <‘9J;ff) (1)
rea=o(5 W) o

respectively, where 7; represents the sensing time, ¢;
denotes the sensing threshold of energy detector of the
ith SU, y; is the received signal-to-noise ratio (SNR) from
the PU’s signal measured at the ith secondary receiver and
yi = Ny(y is defined in [18]), f; represents the sampling
frequency, and finally, Q(-) is the complementary distri-
bution function of standard Gaussian. Similar to [18,19],
we assume that the size of the CRN is small compared
with its distance from the primary system. Therefore, the
received signal at each SU experiences almost identical
path loss.
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Figure 1 Structure of the time slot.
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For simplicity, we assume that AND fusion rule is
adopted here [18], where all of SUs’ decisions say that the
channel is active, then the final decision declares that the
channel is active. By setting a common threshold ¢ for all
SUs, the overall probabilities of false alarm and detection
for the channel are, respectively, given by [19]

Qf(ts, 8, M) = Pr(zs, &)™ 3)

Qu(ts, &, M) = Py(zs, )™ (4)

Problem formulation

Average energy consumption of the CRN

In our model, the total power consumption consists of
four parts: circuit consumption P., spectrum sensing P,
reporting Py, and data transmission P;. In the CRN, there
are four different scenarios between the activities of the
PU and the SUs.

S1:1In this scenario, the SUs successfully detect the chan-
nel’s idle status with probability Po(1—Qf (s, &, M)), where
Py denotes the idle probability of the channel. And the
energy consumed is given by

Ci(ts, M) =M (Ps + P) ts + M(Pr + Pe) Ty

(5)
+ (T — 75 — Mt,) (Ps + Po)

S2: For this scenario, the SUs falsely detect the channel’s
idle status with probability PoQy (ts, &, M), and the energy
used is given by

Co (15, M) =M (Ps + P;) Ts + M (Pr + Pe) Ty (6)

S3: In this case, the SUs falsely detect the channel’s
active status with probability P;(1 — Qu(ts, £,M)), where

P; = 1 — Py denotes the active probability of the channel,
and the energy used is given by

C3(rS7M) = Cl(TS)M) (7)

S4: Under this scenario, the SUs successfully detect the
channel’s active status with probability P; Q;(ts, €, M), and
the energy consumed is given by

C4(TS)M) = C2(TSrM) (8)

Hence, the average energy consumption in a time slot T
is approximated as

Y (ts, 6, M) =xMts + yM + z(T — 75 — Mrt,)

- (1 = PoQy(ts, &, M) — P1Qu(5, £, M))
©9)

wherex = Ps + P,y = (Pr + P) 1y, 2 = Py + P.

Average achievable data rate of the CRN
A channel’s availability for SU transmission is based on the
outcome of the spectrum sensing. In case S3, the channel
is detected to be idle while the channel is actually active,
the PU’s signal is an interference to SUs’ transmission, and
we assume the transmission will not succeed. Hence, only
in case S1 the data can be transmitted successfully.
Denote C as the achievable data rate of the CRN when
it operates in the absence of PU, and the value of C is
assumed to be [18]

C = Blog,(1 + SNRy) (10)
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where B is the bandwidth and SNR; is the SNR for sec-
ondary transmission.

Hence, the average throughput of the CRN in a time slot
T can be expressed as

W(zs, e, M) = J(T — 75 — Mrt;) (1 - Qf(fsy S,M)) (11)
where J = PyC.

Energy utility function

When the sensing time t; increases, the detection proba-
bility can be increased which can protect the PU. On the
other hand, the energy consumed in the sensing phase also
increases.

The increase of the number of cooperative SUs leads
to a high space diversity gain and helps to improve
the spectrum sensing performance. However, it also
results in the increase of total reporting delay which
leads to the decrease of the spectrum sensing time
and the data transmission time. And more energy is
used in the sensing phase. Hence, there are trade-
offs among the sensing performance, the achievable
data rate, and the energy consumption when design-
ing the sensing time and the number of cooperative
SUs.

The utility function in [13] essentially accounts for the
difference between a term related with date rate and a
term related with energy consumption. In some cases,
when the energy consumption terms are very small rela-
tive to the data rate, optimization on the difference may
be influenced heavily by the data rate term. Such prob-
lems will be avoided by optimizing the ratio utility. In
this paper, we propose an energy utility function, which is
defined as

W(ts, e, M
U(Ts,E,M)= (s )

(12)
(¥ (15, €, M))"

where v with v>0 is the weighting factor denoting the
weight of the energy consumption. The larger value of the
weighting factor implies that the energy consumption is
more important than the achievable data rate of the CRN.
Specially, when v = 1, (12) denotes the achievable data
rate per unit of energy.

For a given v, our objective is to maximize the
energy utility function n(zs,¢e,M), which suggests that
the SUs try to use less energy to obtain more data
rate. Therefore, an optimization problem of jointly
designing the sensing time, the sensing threshold, and
the number of cooperative SUs is formulated subject
to the spectrum sensing accuracy, as shown by the
following:
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W (zs, &, M)
max 1n(ts, &, M) =
TSvSvM (w(TS) 8) M))U
subject to
13

Qu (18, M) = 13)
O<t<T

1<M<N,MeN

where « is the target detection probability to protect the
PU.

Solution of formulation
Instead of solving the problem (13) directly, we propose
the algorithm that solves the problem by an exhaustive
search for M. Since M is an integer and lies within the
interval [1, N], the computational complexity to search the
optimal M is not very high.

In order to solve problem (13), we transform the
problem to

max n(M) = n*(M)
subject to (14)
1<M<N,MeN

where the n*(M) is the optimal objective value of the
following problem (15) with a specific M value.

W (zs, e, M)
maxn (T, &) = v
To (¥ (15,8, M))
subject to (15)
Qd(fw 87M) =«
O<t<T

We focus on 0 < v < 1; next, we discuss the solution of
problem (15) underv=1and 0 < v < 1.

Weighting factorv =1
With the constraint Q4(s, €) = @, we can obtain

Py(ts,€) = a/M (16)
Then we can get [18]
Pr(ts) = Q(u + hy/75)

where u = /1+2yQ NP, (15, 8)), h = y./fs/ 2. With
Pr(t5), we can get the Qr(7s) through (3).

In a practical CRN, we set 7, > (u/ k)2, such that
Py(z5) < 0.5 [11].

Finally, problem (15) with v=1 is simplified to

W (ts)
Y (Ts)

(17)

max 1)(7s) =
Ts

subject to (18)

(u/h)2 <1 < T— Mz,
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The methodology used in [14] to solve the fractional
optimization can be used here to solve the problem (18).
We define a function expressed as

f(TS) A) = Wi(ts) — A (zs) (19)

where A is an arbitrary positive number [20,21]. We define
another function expressed as

g = mTaXf (Ts, 1) (20)
If g(1) is a monotonically decreasing function in terms

of X, then the optimal solution of (18) occurs at g(A) = 0
[14].

Proof. 1t is easy to show that g()) is a monotonically
decreasing function in terms of A. Since for any g, ¥ (75) >
0. Hence, for any given 7;, f(75,A) must decrease as A
increases. Next, we have

g = nll_axf(fsy 2 = f(tsd) > f(ts, A +8), V15 (21)
where the § is any positive number. Therefore,

g > mraxf(rs, A+8) =gA+9) (22)

which proves that g(A) is a monotonically decreasing
function in terms of A.

For a given t,, f(t5, n(ts)) = 0. Set 7,* as the optimal
solution of (18), then A = n(t,*) is the largest A value that
can satisfy f(z5, 1) = 0 since 1(z,*) is the maximum value
for any 7;. Next, we denote A as g(A) = 0 and 7 as its cor-
responding 7, value that can maximize f (5, A). Any x> A
g(k) < 0 due to monotonicity. Hence, A is the largest A
value that can satisfy f (75, 1) = 0. Therefore, A must be
equal to A = 1(t5*), and 7; = 75"

Due to the monotonicity of g(1), the optimal value
n(ts*) which occurs at g(A) = 0 can be found by using the
bisection algorithm.

Furthermore, when X satisfies g(A) > 0, f(z5,2)
is a convex function when 7, is in the given interval
((u/v)% T — Mr,). Il

Proof. Differentiating f (zs, 1) with respect to 7, we get

S (@A) =—] — ix+ Az — rzPra + (] — AzPo) Qr(ts)
— (J = 4zPo)(T — 75 — M7)Q;(15)

Again differentiating f”(z, 1) with respect to T,

(@) = 2(J — AzPo) Qp (7o)
= (J = AzPo)(T — 75 — MT}")Q]/’/(TS)
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Py (ts) is decreasing and convex with respect to 7y when
satisfying Pr(zs) < 0.5 [18]. Hence, there is Pji(rs) < 0,
Pji’(rs) > 0, then we can get

Qj(ws) = MPAM ()P (zs) < 0 (23)

Q(x) = MM — DPY ()P} (x,)

24
+MPYH (1) P (1) > 0 ()

Asg(L) > 0,s0] — AzPy > 0, and there is
f”(fsy A) <0

For a given A satisfying g(A) > 0, f(75, 1) is a convex
function with respect to t;. And the optimal t; maximiz-
ing f(zs, ) can be obtained by solving f’ (5, ) =0. When
A satisfying g(A) < 0, there is no need to find the optimal
7. As we want to find the A satisfying g(1) = 0, however,
for any 7, there is g(1) < 0 in this case.

With a given number of cooperative SUs M under the
weighting factor v = 1, the optimal sensing time can be
obtained by Algorithm 1.

Algorithm 1 : Find the optimal 7
Initialization:
Amin; Amax; Tsmins Tsmaxs
while Apnax — Amin > 0 do
A ()\max + )\min)/ 2,
Find optimal 7,,,; maximizing f(zs, ) by bisection
algorithm.
ifg(A) > 0 then
Amin < A;
else
Amax < A
end if
end while
Output : 7y

Weighting factor0 <v < 1
For a given M, similarly to the case v = 1, the problem (15)
can also be simplified to

W ()
(¥ (15))"

max 7)(7s) =
Ts

subject to (25)

O0<t <T—Mrt,

In general, the n(z;) may not be a concave function in
terms of t;. Hence, we have to exhaustively search for the
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optimal sensing time over (0, T — MTt,). Fortunately, from
the numerical results, we can see that the optimal 7, can
be found by using bisection algorithm, which can decrease
the complexity to find the solution of problem (25).

Numerical results

In this section, numerical results of the design will be
presented. The default parameters are set as follows: the
fixed time slot is set to be T = 20 ms, the sampling fre-
quency of the received signal is assumed to be 6 MHz,
and the reporting time of single SU is set to be 7, =
0.1 ms. The SNR of the PU’s signal received at the SUs
is set to be —20 dB. The active probability of the chan-
nel is assumed to be P; = 0.1, and the threshold of the
detection probability is « = 0.95. The secondary trans-
mission SNR; = 20 dB. The weighting factor is set as
v = 0.4. Both the sensing and circuit power are set as
0.1 W, and both the reporting and transmission power are
assumed to be 3 W [12]. SNR referred in the following
paper is the received signal-to-noise ratio from the PU at
the secondary detector.

Figure 2 shows the energy utility versus the spectrum
sensing time with different numbers of the cooperative
SUs. It can be seen from this figure that, with the increase
of the sensing time, the values of the energy utility in all
curves first increase and then decrease. This indicates that
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an optimal sensing time can be obtained to maximize the
energy utility when given the number of cooperative SUs.
In Figure 2, the energy utility vs. the spectrum sensing
time is compared among different numbers of cooperative
SUs. We can see that with a given number of cooperative
SUs, there is an optimal sensing time that can maximize
the energy utility.

Figure 3 shows the energy utility vs. the number of
cooperative SUs with different sensing times. Similar to
Figure 2, with the increase of the number of coopera-
tive SUs, the values of the energy utility in all curves first
increase and then decrease. Therefore, there is an optimal
number of cooperative SUs maximizing the energy utility
under both the optimal sensing time and the fixed sensing
time. Moreover, it can be observed that the energy utility
with the optimal sensing time outperforms that with the
fixed sensing time.

The optimal number of cooperative SUs, the optimal
sensing time, and the energy utility vs. SNR are com-
pared among different detection probability in Figures 4,
5, 6, respectively, when jointly optimizing the number of
cooperative SUs and the sensing time. Form Figure 4,
we can see that the optimal number of cooperative SUs
decreases with the increasing of SNR and increases as the
detection probability « takes higher values. In Figure 5,
we also can find that the optimal sensing time decreases
with the increasing of SNR and increases as the detection
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Figure 2 Energy utility vs. spectrum sensing time.
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probability o takes higher values. In Figure 6, when SNR
increases, the energy utility also increases. This is because
there is more transmission time and less energy con-
sumption. However, the energy utility decreases with the
increasing of detection probability .

In Figure 7, the optimal number of cooperative SUs
vs. weighting factor is compared among different fusion
rules. We can see that the optimal number of coopera-
tive SUs under AND rule is the smaller than the other
two fusion rules. When the weighting factor increases,
the optimal number of cooperative SUs decreases because
the increase of number of cooperative SUs would intro-
duce more energy consumption. When the weighting
factor is 1, the optimal M = 1, which indicates
that the improvement in sensing performance is not
able to outweigh the larger energy consumption intro-
duced by the larger number of cooperative SUs when
v=1

Conclusions

In this paper, we propose an energy utility function by
formulating the achievable data rate in terms of the
energy consumption in a cooperative CRN. A weighting
factor of energy consumption is introduced here. Tak-
ing the maximization of the energy utility as the design

objective, optimization problem is formulated as a func-
tion of three variables, which are sensing time, sensing
threshold, and the number of cooperative SUs, subject to
the target detection probability. An algorithm is also pre-
sented to solve the problem, and numerical results show
that the CRN can achieve almost the maximum achievable
data rate with significant energy saving through the joint
optimization.
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