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Abstract In this paper, we have explored an optimal pow-
er allocation scheme for the spectrum sharing with imper-
fect channel state information between the cognitive/
secondary user (CU) and licensed/primary user (PU) in
the Rayleigh fading environment. We have analyzed the
ergodic capacity of CU link under the combination of
peak transmit power and peak/average interference power
constraints with or without the primary user interference.
In addition to this, the outage capacity with multiple pri-
mary users’ interference is also analyzed with the error
variance under the joint peak transmit power and peak
interference power constraint as well as individual peak
interference power constraint. Moreover, the power dis-
bursement is also investigated to achieve the lower limit
of ergodic and outage capacity. The minimum mean
square channel estimation technique is used for the chan-
nel estimation between CU and PU. Further, the convex
optimization method is used for the optimal power
allocation.

Keywords Cognitive radio . Ergodic capacity . Outage
probability .Minimummeansquareerror .Powerconsumption

1 Introduction

Next generation wireless networks are emphasized on the
seamless connectivity of all types of devices/networks and
communication protocols, which have been set by the regula-
tory authorities to fulfill the consumer requirements. To yield
the higher data rate and lower latencies, the next generation
communication network has to be implemented with revolu-
tionary ideas of using the radio spectrum, which is becoming
very scarce as almost all the frequencies are already occupied
by the licensed users. However, the usage of frequency spec-
trum varies temporally and geographically as per the report of
FCC [1] and to accommodate more and more number of users
within the limited spectrum is a challenging task.

The cognitive radio with spectrum sharing approach has
been proposed as a solution to this apparent spectrum scarcity
and can enhance the spectrum utilization if the primary (li-
cense spectrum) users allow secondary (unlicensed) users to
access the licensed spectrum provided that the primary users
are protected from the interference of cognitive users [2]. The
cognitive radio communication technology is used to reduce
the crowd of unlicensed users by using the large portion of
unused licensed spectrum with context to the time and loca-
tion [2, 3]. Moreover, various standardization bodies have
developed different standards for cognitive radio network
and the dynamic spectrum access network in order to incor-
porate with the existing wireless technologies such as IEEE
802.22 std. wireless regional area network, IEEE 802.11af
standard for TV white spaces operation, and IEEE 1900 stan-
dard for spectrum access network [4]. On this fashion, the
enhanced spectral efficiency is harvested through the novel
networking paradigm that involve for utilization of unused
radio spectrum through the cognitive radio, which is an
emerging technology for the next generation wireless commu-
nication systems. Moreover, the design of its wireless system
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requires the collaborative efforts of various research commu-
nities such as communication theory, network engineering,
signal processing, game theory, reconfigurable antenna and
radio frequency design [5–7].

In this paper, the ergodic and outage capacity of CU link
with or without the primary users’ interference have been
investigated in the Rayleigh fading environment under the
joint transmit power and interference power constraints, when
the imperfect channel state information (CSI) between the
cognitive user transmitter (CU-Tx) and primary/licensed user
receiver (PU-Rx) is accessed by CU-Tx. The main contribu-
tions of this article are summarized as follows.

& A simple optimal power allocation scheme for efficient
spectrum sharing with imperfect CSI between the CU
and PU in the Rayleigh fading environment is presented.

& The average power consumption of the cognitive radio
transmitter under the joint peak transmit power and peak
interference power constraints is investigated to achieve
the lower limits of ergodic and outage capacities.

& The outage probability and consumption of power under
the individual peak interference power constraint is
explored.

The remainder of this paper is structured as follows. We
have reviewed the related work in Section 2. In Section 3, we
have described the proposed system model. In Section 4, the
power constraint under which the transmission power is allo-
cated to the cognitive user has been discussed. In Section 5,
the ergodic and outage capacity under the Rayleigh fading
channel of the proposed communication system is evaluated
and the numerical simulation results are discussed and finally,
Section 6 concludes the work and recommends the future
scope.

2 Related work

The spectrum access strategy is one of the important research
issues in the cognitive radio communication network in order
to provide efficient spectrum allocation to the cognitive users.
Various spectrum sharing approaches have been discussed in
literatures [8–10]. In [8], the CSI between CU transmitter and
the PU receiver is employed to compute the maximum allow-
able CU’s transmit power to limit the interference. In addition
to this, a closed-form mathematical expression for the CU’s
capacity under the peak received interference power constraint
and CU’s transmit power constraint has been derived. In [9],
the authors have explored the cooperative communications for
spectrum sharing in a cognitive wireless relay network, and
cognitive space-time-frequency coding technique which can
adjust opportunistically its coding structure by adapting itself
to the dynamic spectrum access environment, is exploited to

maximize the spectrum opportunities. Wang and Zhang [10]
have investigated an opportunistic spectrum access technique
in the cognitive radio networks when decode-and-forward re-
lay is employed. Furthermore, two cognitive spectrum access
approaches are proposed based on white space modeling, re-
ferred as successive sensing based spectrum access and simul-
taneous sensing based spectrum access.

In addition to the efficient spectrum allocation, the energy
efficiency of network is also an emerging concern, therefore
several novel power allocation strategies are proposed by var-
ious researchers under different spectrum sharing approaches
[11–13]. In [11], the authors have studied the optimal power
allocation strategies to achieve the ergodic as well as outage
capacity of the CU fading channel under different types of
power constraints. In addition to the interference power con-
straint on PU, the transmit power constraint of CU is also
considered because the transmit power and the interference
power is limited either by a peak or an average power con-
straint. Kim et al. [12] have examined the dynamic spectrum
sharing problem among the primary and secondary users in a
cognitive radio network by considering the scenario where the
primary users’ exhibit on-off behavior, and the CUs are able to
dynamically measure/estimate sum interference from the pri-
mary users at their receiving ends, and solve the problem of
fair spectrum sharing among the CUs subject to their quality-
of-service (QoS) constraints as well as interference power
constraints for the primary users. In [13], a resource allocation
framework considering both the interference power con-
straints for the primary users and QoS constraints for the cog-
nitive users is exploited for spectrum underlay approach in the
cognitive wireless networks particularly; the interference from
the CUs to primary users is controlled below a tolerable limit.
Furthermore, the admission control algorithms are used during
the high network load conditions which perform jointly with
the power control so that the QoS requirements of all the
admitted CUs are satisfied while keeping the interference to
primary users below the tolerable limit. Li [14] has proposed
an efficient power allocation algorithm for centralized as well
as distributed cognitive radio network, when a pair of the
primary users and multiple pairs of CUs are in the network.
In [15], an effective capacity of the CU link is evaluated under
the signal-to-interference noise ratio (SINR) and QoS con-
straints. In [16], the geometric programming approach is used
for the optimal power allocation to CUs under different chan-
nel conditions in order to compute the secondary link capacity.
Parsaeefard and Sharafat [17] have proposed an algorithm for
the distributed uplink power allocation in underlay cognitive
radio network with imperfect CSI and illustrated that the ro-
bustness in network is introduced at the cost of social utility.

The channel capacity is the best performance metric to
analyze any cognitive radio network model, and several ca-
pacity notions are expressed for different fading channels such
as the ergodic capacity for fast-fading channel and outage
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capacity for the slow-fading channel [18]. Various
researchers/scientists have analyzed the capacity limits of the
CU’s link over different fading environments with perfect/
imperfect CSI [19, 20]. Rezki and Alouini [19] have presented
a cognitive radio communication system in which the CUs are
aware of instantaneous CSI of the secondary link but know
only the statistics of an estimated version of the secondary
transmitter-primary receiver link. The mathematical expres-
sion for optimum power profile and ergodic capacity of the
secondary link are derived for general fading channels with a
continuous probability density function (pdf) under the aver-
age and peak transmit power constraints. In [20], the authors
have analyzed the capacity gains of an opportunistic spectrum
sharing channels in the fading environments with perfect and
imperfect CSI and derive the ergodic and outage capacities
along with their optimum power allocation policies for the
Rayleigh flat-fading channels, and provide the closed-form
expressions for these capacity metrics considering the average
received-power constraint. Recently, Farraj and Ekin [21]
have illustrated that the capacity and bit-error-rates are inde-
pendent from the transmitted power of CU, however, these
metric are affected by the environmental parameters such as
shaping parameters. In [22], the authors have reported the
ergodic sum capacity limits of CUs under transmit power
and interference power constraints, when the multiple primary
users’ network and CUs network is present. Son et al. [23]
have presented the power allocation policies in OFDM-based
cognitive radio networks under the availability of inter-system
(between the CU-Tx and PU-Rx) CSI with different capability
of primary users particularly; the peak interference power as
well as average interference power tolerable to the primary
user. Moreover, for such primary users’ model, two optimiza-
tion problems which maximize the capacity of CUs while
maintaining the QoS of primary user under the assumption
that both intra- (between the CU-Tx and CU-Rx) and inter-
system CSI are fully available has also been discussed.
However, due to lose cooperation between CU and primary
user, it may be difficult or even infeasible for CU to obtain the
full inter-system CSI, thus under the partial CSI, the authors
also formulated another two optimization problem by intro-
ducing interference power outage constraints. The extensive
numerical results illustrate that the spectral efficiency
achieved by CUs with partial inter-system CSI within a rea-
sonable range of outage probability. The spectral efficiency
achieved by CUs with partial-CSI is less than half of that is
achieved with full-CSI with a reasonable change of the outage
probabilities [23]. If the CUs share the bandwidth of channel
with PU using the dynamic spectrum access technique then
the outage capacity with N number of multiple carriers has a
variance which isN times smaller than that of the single carrier
[24]. The CUs support PU to improve the QoS by using inac-
tive unlicensed users as cooperative relay nodes for the prima-
ry user [25, 26]. The CU link with high channel gain achieves

better channel capacity when the multiple CUs share the spec-
trum with single PU [27]. However, the joint congestion con-
trol and power control problem via effective network utility
maximization with the link outage constraints have been ex-
plored in [28]. In [29], it has been reported that the average
transmit power consumption of CU is significantly more un-
der the interference temperature constraint. Moreover, the var-
iations of outage probability under the peak transmit power
and peak/average interference power with noise error variance
is presented in [30]. Recently, Pandit and Singh [31] have
achieved significantly more capacity by adaptive power trans-
mission technique in comparison to that of the adaptive rate
and power transmission policy at the cost of bit-error-rate
(BER). In [32], the authors derived the closed-form expres-
sions for the ergodic capacities of the CUs with imperfect CSI
under the average interference power constraint and peak in-
terference power constraint. It is illustrated that the ergodic
capacity of the CU is robust to the channel estimation errors
and feedback delay. Further, it is also shown that with decreas-
ing the distance between CU-Tx and CU-Rx or increasing the
distance between CU-Tx and PU-Rx can mitigate the impact
of imperfect CSI and significantly increase the ergodic capac-
ity of the CUs.

Li and Goldsmith [33] have studied three types of capacity
regions such as the ergodic capacity region, the zero-outage
capacity region, and the outage capacity region with non-zero
outage for the fading broadcast channels, and obtain their
corresponding optimal resource allocation strategies. In [34],
the authors have derived the mathematical expression of out-
age capacity for fading broadcast channels considering both
the transmitter and receivers have perfect CSI and locate a
strategy which bounds the outage probability of different
spectrum-sharing techniques for specified required rate of
each user. The corresponding optimal power allocation
scheme is a multiuser generalization of the threshold-
decision rule for a single-user fading channel. The numerical
results for different outage capacity regions are obtained for
the Nakagami-m fading model. Gastpar [35] has investigated
the behavior of capacity when the constraints are placed on the
channel output signal. This investigation was motivated by
questions arising in spectrum sharing and dynamic spectrum
allocation—multiple independent networks share the same
frequency band, but are spatially mostly disjoint. Sboui et al.
[36] have considered a spectrum sharing communication sce-
nario in which the primary users and CUs are communicating
simultaneously, with their respective destinations using the
same carrier frequency. The mathematical expression for both
the optimal power profile and ergodic capacity is derived for
fading channels under the average transmit power and instan-
taneous interference outage constraints. After deriving the ex-
pression for capacity considering a noisy version of the cross-
link and secondary-link CSI, the authors have provided an
ergodic capacity generalization through a unified expression
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that encompasses several previously studied spectrum sharing
settings. Musavian and Aissa [37], have presented the funda-
mental capacity limits of opportunistic spectrum-sharing
channels in the fading environment and derived the fading
channel capacity of a CU subject to both the average- and
peak-received power constraints at the PU receiver. In addi-
tion to this, the mathematical expressions are derived for the
capacity and optimum power allocation scheme for three dif-
ferent capacity notions, namely, ergodic, outage, and mini-
mum-rate, considering the flat Rayleigh fading.

3 System model

In the proposed system model, we have considered mul-
t i p l e PU s a n d s i n g l e CU wh i c h t r a n sm i t
data/information at same time. The CU shares spectrum
with one of the PU without affecting its QoS. For the
interference-free spectrum sharing, the optimal power is
allocated to the CU under the joint transmit power and
received interference power constraints. We have also
considered the discrete time flat fading channel where
the received signal of CU depends on the transmitted
signal, which is mathematically expressed as [18]:

yss nð Þ ¼ xss nð Þhss nð Þ þ
X n

i¼1
xp nð Þhpsi nð Þ þ wss nð Þ ð1Þ

where n, hss(n), hsp(n), and hpsi nð Þ are the time index,
channel gain of the CU link, channel gain between
CU-Tx and PU-Rx link, and channel gain between
ith PU-Tx and CU-Rx link, respectively. Further, the
hss(n), hsp(n), and hpsi nð Þ are the independent and iden-
tically distributed (iid) channel gain with exponential
distribution. wss(n) is the zero-mean complex symmetric
additive white Gaussian noise (AWGN) Fig. 1.

In the proposed system model, the capacity of CU has
been maximized while maintaining the QoS of PU under

the assumption that both the intra-and inter-system chan-
nel state information are partially/imperfectly available
due to lose cooperation between the CU and PU. The
imperfect CSI is provided to CU-Tx by ith PU, which is

represented as hˇspi (n). Thus under the imperfect CSI, the
ergodic capacity and outage capacity have been comput-
ed. However, the CU estimates the channel gain by min-
imum mean square error (MMSE) channel estimation
technique. The imperfect CSI in the proposed cognitive
radio communication system has been described as fol-
lows. The CU-Tx has knowledge only about the average
channel gain over all the subchannels instead of individ-
ual channel gain for each subchannel. In order to keep the
interference at the PU-Rx below a desired level as report-
ed in literature [38] assumed that the CU-Tx is fully
aware of channel from the CU-Tx to PU-Rx. However,
as compared to the intra-system CSI between the CU-Tx
and the CU-Rx is relatively easy to obtain. It would be
difficult for the CU-Tx to obtain full inter-system CSI
because the PU and CU systems are usually loosely
coupled (no explicit communication between them).
Even if they are tightly coupled, to yield inter-system
CSI is difficult for the CU due to the large amount of
feedback overhead. Therefore, considering only the im-
perfect CSI between the CU and PU seems to be reason-
able approach. Zhang et al. [39] have presented a vigor-
ous cognitive beam-forming difficulty with imperfect CSI
in multi-input-single-output (MISO) and multi-input-
multi-output (MIMO) environments. Further, there are
several studies on the capacity analysis of cognitive radio
network with imperfect channel knowledge in flat-fading
environment and consider that the CSI obtained by CU,
experience the channel estimation error [40]. The channel
estimation error is represented as:

~hspi nð Þ ¼ hspi nð Þ−ĥspi nð Þ ð2Þ

where ~h spi nð Þ and ĥspi nð Þ are the zero-mean circularly sym-
metric complex Gaussian distributed random variable with
variance (σ2/2) and (1−σ2)/2, respectively, and we have ig-
nored the time index for simplicity. Due to the MMSE esti-

mation characteristics, ~hspi and ĥspi are the uncorrelated chan-
nel gain. However, the channel power gain is given by |hsp|

2,
and the channel power gain of the CU link between the CU-Tx
and PU-Rx link and ith PU-Tx and CU-Rx link are represent-
ed by gss , gspi ,and gps, respectively.

4 Ergodic and outage capacity

The ergodic capacity is an effective metric for the fast
fading channels or delay insensitive applications, whereFig. 1 The spectrum sharing system model of cognitive radio network
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the block of information can experience different fading
states of the channel during transmission, whereas the
slower fading channels are delay sensitive applications
like voice and video transmission, the outage capacity
comprises a more suitable metric for the capacity of
system due to fact that only a cross section of the
channel characteristics is experienced during the trans-
mission period of a block of information.

4.1 Power constraints

We have considered Ppk and Qpk as the peak transmit
power of CU and peak interference power of PU-Rx,
respectively. The instantaneous transmitted power of
CU-Tx depends on the channel power gain gss and the
estimated value gsp which is denoted by ĝsp. However,
the instantaneous power at the CU-Tx is expressed as
[11]:

P ĝsp1; ĝsp2::ĝspn; gss

� �
> 0;∀ ĝsp1::ĝspn; gss

� �
ð3Þ

and the peak transmit power constraint is represented as [11]:

P ĝsp1; ĝsp2::ĝspn; gss

� �
≤Ppk ;∀ ĝsp1::ĝspn; gss

� �
ð4Þ

as well as the peak interference power constraint is provided
as [11]:

gspiP ĝsp1; ĝsp2::ĝspn; gss

� �
≤Qpki,∀ ĝsp1::ĝspn; gss

� �
;

i ¼ 1::n ð5Þ

However, the instantaneous peak interference power con-
straint is valid only for the short time. Due to this reason, the
interference outage concept is introduced by Musavian and
Aissa [20]. Therefore, the outage interference power con-
straint is represented as [20]:

Pr gspi P ĝsp1; ĝsp2::ĝspn; gss

� �� �
≥Qpki

n o
≤P0 ð6Þ

where Pr{.} and P0 are the probability of function and outage
interference level, respectively. Therefore, the Eq. (6) can be
simplified as:

P ĝsp1; ĝsp2::ĝspn; gss

� �
≤min

Qpki

ĝspi−σ2lnP0

0@ 1A; i ¼ 1::n ð7Þ

In addition to this, the average interference power con-
straint is expressed as:

E gspi P ĝsp1; ĝsp2::ĝspn; gss

� �h i
≤Qavgi; i ¼ 1::n ð8Þ

due to the imperfect CSI, the gspi is unknown. Therefore, the
estimated value of gspi is expressed as:

ĝspi ¼ g
spi
−~gspi ð9Þ

where ĝspi; g
spi

and ~gspi are the estimated, ideal (true) and

estimated error values of the gsp, respectively. Therefore, the
average interference power constraint is expressed as [20]:

E ĝspiP ĝsp1; ĝsp2::ĝspn; gss

� �h i
≤Qavgi−σ

2E P ĝsp1; ĝsp2::ĝspn; gss

� �h i ð10Þ

For the optimal transmit power computation, the combina-
tion of instantaneous CU-Tx power, peak transmit power of
CU and outage constraint is represented by R1. Further, the
combination of instantaneous CU-Tx power, peak transmit
power of CU and average interference power constraint is
represented by R2.

4.2 Ergodic capacity

The ergodic capacity is the maximum achievable rate aver-
aged over all the fading states [11]. Therefore, the ergodic
capacity of cognitive link is computed by solving the optimi-
zation problem as discussed in [11].

Cergodic ¼ P ĝsp1; ĝsp2; … ĝspn; gss
� �max

∈R
E

log2 1þ
gss:P ĝsp; gss

� �
No:Bþ

X n

i¼1
gps*PiÞ

0@ 1A24 35ð11Þ

where E{.} is the expected value and gss, gps, and ĝsp follow
the Rayleigh distribution whose probability density function

(pdf) is specified as: e−gss , e−gps and e−ĝsp= 1−σ2ð Þ= 1−σ2ð Þ, re-
spectively [19]. When the multiple primary users are consid-
ered then pdf of the channel power gain between the cognitive
transmitter and primary receivers is evaluated as follows. Let
ĝspi (i = 1...n) be iid random variables. It is assumed that the

channel gain of cognitive link is independent from the channel
gain between the cognitive transmitter and primary receivers.
Therefore, ĝsp is expressed as:

ĝsp ¼ max ĝspi
� �

i ¼ 1::n

Then the cumulative distribution function of ĝsp is present-
ed as:

F
ĝsp

ĝsp
� �

¼ ∏
n

i¼1
F

ĝspi
ĝsp

� �
¼ 1−e−

ĝsp
1−σ2

0@ 1An

ð12Þ

On differentiating Eq. (12), the pdf of ĝsp is written as:

f
ĝsp

ĝsp
� �

¼ n
e−

ĝsp
1−σ2

1−σ2
1−e−

ĝsp
1−σ2

0@ 1An−1

ð13Þ
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Similarly, the pdf for multiple primary transmitter and cog-
nitive receiver is given as:

f gps gps
� �

¼ n e−gps 1−e−gpsð Þn−1 ð14Þ
However, both the channels are considered as the Rayleigh

fading channel, and the probability density function of cgsp and
gss are represented as: e

−ĝsp= 1−σ2ð Þ= 1−σ2ð Þ and e−gss , respective-
ly as discussed in [19]. N0 and B are the noise power spectral
density at primary receiver and total available bandwidth, respec-
tively. Therefore, the ergodic capacity of cognitive radio user link
can be maximized by allocating the optimal power to SU-Tx.

4.2.1 Optimal power allocation under peak transmit power
and peak interference power constraint

The joint peak transmit power and peak interference power
constraints are combined as follows:

P ĝsp1; ĝsp2;…ĝspn; gss

� �
≤P min Ppk;

Qpkicgspi−σ2:lnP0

0@ 1A0@ 1A
Therefore, to maximize the ergodic capacity, the optimal

power allocation to the CU is given as:

P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼
Ppk ; cgspi ≤Qpki

Ppk
þ σ2lnP0

Qpkicgspi−σ2lnP0

; otherwise

8>>><>>>:
ð15Þ

From the Eq. (15), it is observed that when the outage
interference constraint is satisfied then the CU transmit with
peak power, otherwise the transmit power has to be reduced
according to the channel power gain, error-variance and out-
age constraint.

4.2.2 Optimal power allocation under peak transmit power
and average interference power constraint

The optimal power under the peak transmit power and the
average interference power constraints are computed by using
the Lagrangian method as reported in [41]:

L P ĝsp1; ĝsp2;…ĝspn; gss
� �

; λ
� �

¼ E log2
�
1þ P ĝsp1; ĝsp2;…ĝspn; gss

� � gss
N 0B

� �
−λ E ĝspP ĝsp1; ĝsp2;…ĝspn; gss

� �� �
−Qav þ σ2E P ĝsp1; ĝsp2;…ĝspn; gss

� �� �� �
ð16Þ

For particular fading state, the Eq. (16) can be represented as:

P ĝsp; gss
� �max

log2 1þ
P ĝsp1; ĝsp2;… ĝspn; gss
� �

gssX n

i¼1
gpsi*Pi þ N0 B

0@ 1A − λ
�
ĝspP ĝsp1; ĝsp2; … ĝspn; gss

� �
− Qav

þP ĝsp1; ĝsp2;… ĝspn; gss
�� �

−μ P ĝsp1; ĝsp2; … ĝspn; gss
� �

−Ppk

� �
þ v P ĝsp1; ĝsp2; … ĝspn; gss

� �
s :t P ĝsp1; ĝsp2;… ĝspn; gss

� �
≥ 0 ; P ĝsp1; ĝsp2;… ĝspn; gss

� �
≤ Ppk

ð17Þ

The dual function of Eq. (17) is represented as:

L P ĝsp1; ĝsp2;…ĝspn; gss
� �

;λ;μ; v
� �

¼ log 1þ
P ĝsp1; ĝsp2;…ĝspn; gss
� �

N 0B

0@ 1A
−λ ĝspP ĝsp1; ĝsp2;…ĝspn; gss

� �
−Qav þ σ2P

�
ĝsp1; ĝsp2;…ĝspn; gss

�� �
−μ P ĝsp1; ĝsp2;…ĝspn; gss

� �
−Ppk

� �
þ v P ĝsp1; ĝsp2;…ĝspn; gss

� �

ð18Þ

By using the Karush-Kuhn-Tucker (KKT) conditions, the
optimal power is computed as:

∂L P ĝsp1; ĝsp2;…ĝspn; gss
� �

;λ;μ; v
� �

∂P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼ gss

∑
n

i¼1
gpsi*Pi þ N 0 Bþ P ĝsp1; ĝsp2;…ĝspn; gss

� �
gss

−λ ĝspi þ σ2
� �

−μþ v ¼ 0

ð19Þ
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μ P ĝsp1; ĝsp2;…ĝspn; gss
� �

−Ppk

� �
¼ 0 ð20Þ

v P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼ 0 ð21Þ

From Eq. (19), we get:

P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼ K

λ ĝspi þ σ2
� �

þ μ−v
−
∑
n

i¼1
gpsi*Pi þ N 0 B

gss
ð22Þ

If we consider, P ĝsp1; ĝsp2;…ĝspn; gss
� �

< Ppk , it is pos-

sible only if ĝsp≥ K

λ Ppkþ
∑
n

i¼1
gpsi*PiþN0 B

gss

� � −σ2, so it contradicts the

assumption. Therefore,

P ĝsp1; ĝsp2;…ĝspn; gss

� �
¼ Ppk

if
ĝsp≤ K

λ Ppkþ
∑
n

i¼1
gpsi*PiþN0 B

gss

� � −σ2.

Suppose, if P ĝsp1; ĝsp2;…ĝspn; gss
� �

> 0 when ĝsp≥

K

λ Ppkþ
∑
n

i¼1
gpsi*PiþN0 B

gss

� � −σ2 from Eq. (21) v=0 then Eq. (22)

become:

P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼ K
λ ĝspiþσ2ð Þþμ

þμ−
∑
n

i¼1
gpsi*PiþN0 B

gss

then P ĝsp1; ĝsp2;…ĝspn; gss
� �

> 0:

which results: K
λ ĝspiþσ2ð Þþμ

þ μ−
∑
n

i¼1
gpsi*PiþN0 B

gss
> 0

since μ≥0,

K
λ ĝspiþσ2ð Þ−

∑
n

i¼1
gpsi*PiþN0 B

gss
> K

λ ĝspiþσ2ð Þþμ
−

∑
n

i¼1
gpsi*PiþN0 B

gss
> 0,

Therefore, P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼ 0 if

ĝspi≥
Kgss

λ ∑
n

i¼1
gpsi*PiþN0 B

� � −σ2.

a n d P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼ K
λ ĝspiþσ2ð Þ −

N0
gss

if K

λ Ppkþ
∑
n

i¼1
gpsi*PiþN0 B

gss

� � −σ2≤ ĝspi≤
Kgss

λ ∑
n

i¼1
gpsi*PiþN0 B

� �−σ2.

Therefore, the optimal power allocations under the peak trans-
mit power and average interference power constraints are
expressed as:

P ĝsp1; ĝsp2;…ĝspn; gss
� �

¼

Ppk if
K

λ Ppk þ N0B
gss

� � −σ2≥ ĝspi

K

λ ĝsp þ σ2
� � −N0

gss
if

K

λ Ppk þ N0B
gss

� � −σ2≤ ĝsp≤
Kgss
λN 0

−σ2

0; otherwise

8>>>>>>>><>>>>>>>>:
ð23Þ

4.2.3 Power consumption of cognitive transmitter
without primary users’ interference

The average power consumption of CU-Tx under the peak
transmit power and peak interference power constraint are
expressed as:

E P ĝspigss
� �h i

¼ Ppk−
Ppk

1−σ2
exp�Qpk i

Ppk
þ σ2log P0ð Þ− Qpki

1−σ2
exp −σ2log P0ð Þ� �

Ei −
Qpki

Ppk 1−σ2ð Þ
� �

ð24Þ

4.3 Outage capacity

The outage capacity is the maximum transmission rate that
can be maintained over the fading blocks with a given outage
probability [11]. The objective function of outage capacity is
expressed as:

Pr log2 1þ
gss P ĝsp1; ĝsp2;…ĝspn; gss

� �
∑
n

i¼1
gpsi*Pi þ N0 B

0BB@
1CCA

8>><>>:
9>>=>>;

≤P ĝsp1; ĝsp2;…ĝspn; gss
� �

∈Rminr0

ð25Þ
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where, R∈ { R1,R2}. N0, B, gpsi , and Pi are the noise power
spectral density at PU-Rx, total available bandwidth, channel
power gain between ith PU-Tx and CU-Rx and power trans-
mitted by PU-Tx, respectively.

4.3.1 Optimal power allocation under peak transmit power
and peak interference power constraint

For the optimal power allocation R∈R1 and two dimensional
truncated channel inversions (2D–TCI) strategy is used over
ĝsp and gss. Therefore, the optimal transmit power of cogni-

tive user is expressed as:

P ĝsp1; ĝsp2; ĝsp3…ĝspn; gss
� �

¼

NoBþ ∑
n

i¼1
gps*Pi

� �
2ro−1ð Þ

gss
; gss≥

2r0−1ð Þ NoBþ ∑
n

i¼1
gps*Pi

� �
Ppk

and

ĝspi≤
gssQpk

NoBþ ∑
n

i¼1
gps*Pi

� �
2r0−1ð Þ

þ σ2ln P0ð Þ

0; otherwise

8>>>>>>>><>>>>>>>>:
ð26Þ

Let,
gssQpk

NoBþ∑
n

i¼1
gps*Pi

� �
2r0−1ð Þ

þ σ2ln P0ð Þ

and

2r0−1ð Þ NoBþ ∑
n

i¼1
gps*Pi

� �
Ppk

is denoted by the auxiliary variables u and z, respectively.
By substituting Eq. (26) in Eq. (25), we yield the outage prob-
ability as:

Pout ¼ 1−∭ f
ĝsp

ĝsp
� �

f gss gssð Þ f gps gps
� �

dĝsp dgss dgps ð27Þ

where; f ĝsp (ĝsp ), f gps gps
� �

and f gss gssð Þ are the probability
density function of ĝsp, gps and gss, respectively. The outage
capacity for the Rayleigh fading channel is computed as:

Coutage ¼ log2 1þ F−1 1−Poutð Þ γ� � ð28Þ

where F(x) = Pr (gss> x)is the complementary cumulative dis-
tribution function of gss and γ is signal-to- noise ratio (SNR)
[18].

4.3.2 Optimal power allocation under peak interference
power constraint

P ĝsp1; ĝsp2::ĝspn; gss

� �
¼ min

Qpki

ĝspi−σ2lnP0

0@ 1A; i

¼ 1::n ð29Þ

The outage probability is computed as stated earlier. This
Eq. (29) illustrates that the power allocation to CU with

respect to different PU has been evaluated and then the min-
imum power among the calculated set has been allocated to
CU.

4.3.3 Power consumption of cognitive transmitter
without primary user’s interference

The average power consumption of cognitive transmitter
when the optimal power is allocated under the peak transmit
power, and peak interference power constraints without PU
interference is expressed as:

E P ĝspigss
� �h i

¼ Ei 1;
1

Ppk

� �
–Ei 1;

Qpki þ 1

Ppk 1−σ2ð Þ
� �

exp
−σ2log P0ð Þ

1−σ2

� �
ð30Þ

the average expenditure of CU power when the optimal
power is allocated by considering only the peak interference
power constraint.

E P ĝspigss
� �h i

¼ Qpkiexp
−σ2log P0ð Þ

1−σ2

� �
−log

1−σ2

Qpk
þ 1

 !
−Ei

σ2log P0ð Þ
1−σ2

� � !
ð31Þ

5 Simulation results and analysis

In this section, we have presented numerically simulated re-
sults of the ergodic capacity and outage capacity with or with-
out the interference of PU-Tx to the CU link of the proposed
cognitive radio network model. The performance is analyzed
under the average as well as peak interference power con-
straints. The simulation result of proposed model depicts the
significant improvement in the data transmission rate. In
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Fig. 2, the ergodic capacity without PU-Tx interference to the
CU link under peak transmit power for different values of the
error variance at arbitrary chosen peak interference power
(−5 dB) is computed. The numerically simulated result for
ergodic capacity of cognitive link with perfect CSI between
CU-Tx and PU-Rx is validated with reported literature [11].
However, if the peak transmit power is below the peak inter-
ference power then the ergodic capacity for different channel
conditions (various values of error variance) increases mono-
tonically and above the peak interference power the ergodic
capacity becomes constant gradually as shown in Fig. 2. In
addition to this, it is also depicted that with the increase of
noise variance, the ergodic capacity reduces in comparison to
the perfect channel state information. In Fig. 3, the ergodic

capacity is analyzed for different interference outage level
with fixed noise variance 0.2. It is also presented that with
the increase of interference outage level, the ergodic capacity
level rises but when the peak transmit power is greater than
that of peak interference power then there is no significant
effect of increasing interference outage level.

In addition to this, the average power expenditure of CU-
Tx is investigated in Fig. 4 with the peak interference power
for different combinations of interference outage level and
noise error variance. It is also depicted that there is significant-
ly more power consumption if the interference outage level
rises for fixed error variance. On the other hand, if the inter-
ference level is fixed then with the increase of noise variance,
the average power consumption of the CU decreases.
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Fig. 2 The response of peak
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different values of variance at
arbitrary chosen value of the peak
interference power (−5 dB)
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Moreover, it reveals that with the increase of interference
power constraint, the power consumption of CU-Tx is mono-
tonically increased. The variation of ergodic capacity under
the joint peak transmit power and average interference power
constraints without consideration of interference of primary
user is illustrated in Fig. 5. It has been illustrated that when
the peak transmit power is more than the average interference
power, there is variation in ergodic capacity with error vari-
ance. However, when the peak transmits power becomes less
than that of the average interference power, the ergodic capac-
ity for different error variance values remain same. In addition
to this, the numerically simulated result of the ergodic capacity
with perfect channel state information is validated with litera-
ture reported in [11].

Moreover, the comparison of Figs. 2 and 5 reveal that the
average interference power constraint is better than that of the
peak interference power constraint. The effects of interference
of PUs on the ergodic capacity of CU link under the joint peak
transmit power and peak interference power for different error

variance is illustrated in Fig. 6. It is shown that as the interfer-
ence of the PU to CU link increases, the ergodic capacity of
the CU link decreases.With the comparison of Figs. 2 and 6, it
is revealed that there is significant reductions in the ergodic
capacity at the peak transmit power, the peak interference
power and noise error variance 5 dB,-5 dB and 0.1, respec-
tively. In addition to this it is analyzed that as the number of
PUs increase above two then the reliable communication can-
not achieve. The variations of outage probability without and
with PU interference under the peak transmit power and peak
interference power constraint is presented in Figs. 7 and 8a,
respectively.

If the PUs interferes with the CU link, the outage probabil-
ity levels rise. In case of without PU-Tx interference, it has
been illustrated that as the peak transmit power is less than that
of the peak interference power, the outage probability level
remain same for different noise error variance but with the PU
interference, the outage probability is constant with different
outage probability levels. From Fig. 8a, it is depicted that the

Fig. 4 The average power consumption to achieve ergodic capacity limits of cognitive transmitter with different combination of interference outage
level and error variance
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outage probability increases with the increase of PU’s inter-
ference. Moreover, it is also analyzed that if the PUs increases
above four then the data rate of CU link become very less;
therefore, the communication cannot be established efficient-
ly. Figure 8b demonstrated the effect of interference of the PU
to the CU link when the transmit power to CU is allocated
under the peak interference power constraint only. The com-
parison between Fig. 8a, b reveals that the outage probabilities
under the joint peak transmit power and peak interference
power is more in comparison to the individual peak interfer-
ence power constraint. If the multiple numbers of PUs inter-
fere to the CU link, then the peak interference constraint pro-
vides better result.

The consumption of power of CU-Tx under the joint peak
transmit power and peak interference power as well as under
the peak interference power only is portrayed in Fig. 9. It is
exposed that the consumption of power under the joint con-
straints (the peak transmit power and peak interference power)
is very less in comparison to that of the peak interference
power constraint only. The average power consumption of
CU under the peak interference power constraint only is val-
idated with the reported literature [19]. From Fig. 9, it is clar-
ified that it is significantly much better to allocate power to
CU under the joint constraints (the peak transmit power and
peak interference power) as compared to the peak interference
power constraint only.
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6 Conclusion

In this paper, we have presented the analysis of ergodic capac-
ity and outage probability of the CU link, with and without PU
interference. It has been presented that with the numerically
increasing value of the noise error variance and interference
from the PU to CU link, the ergodic capacity of CU link
decreases, and the outage probability increases significantly.
The power consumption of CUs under the joint constraint
(peak transmit power and peak interference power) is very
much less as compared to that of the peak interference power
constraint. The capacity limits under the joint peak/average
transmit power and average interference power constraint is

also very important issue to analyze the proposed system
model, which will be reported in the future communication.
In practice, the available system parameters (CSI and interfer-
ence power) to enable power control and beam-forming could
be uncertain due to various factors such as estimation error
and/or measurement error, thus the robustness of the designed
algorithms should be considered in order to overcome the
effects of parametric uncertainty. The stochastic Gaussian
model includes a mean and variance side information of the
fading coefficients at the transmitter. The channel estimation
acquired independently by the transmitter may suffer from the
channel estimation accuracy due to RF chain impairment,
which limit channel estimation reciprocity. In addition to this,
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the causality requires acquiring CSI prior to transmission,
while the channel may change when actual transmission takes
place. These give rise to the practical stochastic Gaussian
model with mean and variance. The practical transmit channel
state information model is a stochastic Gaussian model with
mean and variance information which is commonly used for
modeling the channel estimation error. The extensive numer-
ical results illustrate that the spectral efficiency achieved by
secondary user with partial inter-system CSI within a reason-
able range of outage probability.

Acknowledgments The authors are very much thankful to the potential
reviewers for their critical comments and suggestions to improve the
quality of the manuscript. The authors are also sincerely thankful to the
Indian Space Research Organization vide Project No. ISRO/RES/4/619/
14-15.

References

1. P. Kolodzy (2002) Spectrum Policy Task Force Reporot Federal
Commun. Comm., Washington, DC, Rep. ET Docket 02–135

2. Marinho J, Monterio E (2011) Cognitive radio: survey on commu-
nication protocols, spectrum decision issues and future research
directions. Wireless Netw. 18:147–164

3. Mitolla J (2009) Cognitive radio architecture evolution: annals of
telecommunication. Ann Telecommun 64:419–441

4. Khattab A, Bayoumi MA (2015) Standardization of cognitive radio
networking: a comprehensive survey. Ann Telecommun 70(11):
465–477

5. Liang Y-C, Chen K-C, YeLi G, Mahonen P (2011) Cognitive radio
networking and communication: an overview. IEEE Trans.
Vehicular Tech. 60(7):3386–3407

6. Santiago RC, Szydełko M, Kliks A, Foukalas F, Haddad Y, Nolan
KE, Kelly MY, Masonta MT, Balasingham I (2015) 5G: the

convergence of wirelesscommunications. Wireless Pers.
Commun. 83(3):1617–1642

7. Pandit S, Singh G (2015) An overview of spectrum sharing tech-
niques in cognitive radio communication system. Wireless
Network. doi:10.1007/s11276-015-1171-1

8. Suraweera HA, Smith PJ, Shafi M (2010) Capacity limits and per-
formance analysis of cognitive radio with imperfect channel knowl-
edge. IEEE Trans Vehicular Tech 59(4):1811–1822

9. Letaief KB, ZhangW (2009) Cooperative communications for cog-
nitive radio networks. Proc IEEE 97(5):878–893

10. Wang Z, Zhang W (2010) Opportunistic spectrum access in cogni-
tive relay networks based on white space modeling. Proc. IEEE
Global Telecommunications Conference (GLOBECOM 2010),
Miami, FL, pp. 1–5

11. Kang X, Liang Y-C, Nallanathan A, Garg HK, Zhang R (2009)
Optimal power allocation for fading channels in cognitive
radionetworks: ergodic capacity and outage capacity. IEEE Trans
Wirel Commun 8(2):940–950

12. Kim DI, Le LB, Hossain E (2008) Joint rate and power allocation
for cognitive radios in dynamic spectrum access environment. IEEE
Trans Wirel Commun 7(12):5517–5527

13. Le LB, Hossain E (2008) Resource allocation for spectrum under-
lay in cognitive radio networks. IEEE Trans Wirel Commun 7(12):
5306–5315

14. Li D (2010) Efficient power allocation for multiuser cognitive radio
networks. Wireless Pers Commun 59:589–597

15. Vassaki S, Poulakis MI, Panagopoulous AD, Constantinou P
(2014) QoS driven power allocation under peak and average
interefrence power constraints in cognitive radio networks.
Wireless Pers. Commun. 78:449–474

16. Singh S, Teal Paul D, Dmochowski Pawel A, Coulson AJ (2013)
Interference management in cognitive radio systems with feasibility
detection. IEEE Trans. Vehicular Tech. 62(8):3711–3720

17. Parsaeefard S, Sharafat AR (2013) Robust distributed power con-
trol in cognitive radio networks. IEEE Trans onMobile Computing
vol. 12(4):609–620

18. Tse D, Viswanath P (2005) Fundamentals of wireless communica-
tion. Cambridge University Press, U.K

19. Z. Rezki and M-S. Alouini, “Ergodic capacity of cognitive radio
under imperfect channel-state information,” IEEE Trans Vehicular
Tech, vol. 61, no. 5, pp. 2108–2119, 2012.

20. Musavian L, Aissa S (2009) Fundamental capacity limits of cogni-
tive radio in fading environments with imperfect channel state in-
formation. IEEE Trans on Commun 57(11):3472–3480

21. Farraj AK, Ekin S (2013) Performance of cognitive radios in dynam-
ic fading channels under primary outage constraint. Wireless Pers.
Commun. 73(8):637–649

22. R. Zhang, S. Cui andY-C. Liang (2008) On ergodic sum capacity of
fading cognitive multiple access and broadcast channels. IEEE
Annual Allerton Conf. on Communication, Control and
Computing, Urbana-Champaign, IL, pp 879–886

23. Son K, Jung BC, Chong S, Sung DK (2012) Power allocation
policies with full and partial inter-system channel state information
for cognitive radio networks. Wireless Netw. 19:99–113

24. Mireles FR (2014) Outage capacity for secondary users due to
bandwidth fluctuations: multicarrier versus single carrier. Wireless
Pers. Commun. 78:915–925

25. Kader MF, Asaduzzaman, Hoque MM (2014) Outage capacity anal-
ysis of a cooperative relaying scheme in interference limited cogni-
tive radio networks. Wireless Pers. Commun. vol. 79:2127–2140

26. Bhaskar V, Dutta B (2014) Ergodic and outage capacity maximization
of cognitive radio networks in cooperative relay environment using
optimal power allocation. Ann Telecommun 69:621–632

27. Farraj AK, Miller SL (2012) Scheduling in a spectrum sharing
cognitive environment under outage probability constraint.
Wireless Pers. Commun. 70:785–805

Fig. 9 The average power consumption to achieve outage capacity limit
of cognitive user transmitter with different combination of interference
outage level and error variance under the peak transmit power and peak
interference constraints as well as under the peak interference power
constraint only

Ann. Telecommun.

http://dx.doi.org/10.1007/s11276-015-1171-1


28. Wang F, Liao X, Guo S, Huang H (2013) Jointly optimal congestion
and power control for Rayleigh faded channels with outage constraints.
Wireless Pers. Commun. 77:101–125

29. Farraj AK, Hamma EM (2012) Impact of quality of service con-
straints on the performance of spectrum sharing cognitive users.
Wireless Pers Commun 69:673–688

30. B. Bharti and G. Singh (2015) Analysis of outage capacity of
cognitive radio network with imperfect channel state informa-
tion. Proc. IEEE Int. Conf. on Signal Processing and
Communication, India. pp 1–6

31. Pandit S, Singh G (2015) Channel capacity in fading environment
with CSI and interference power comstraints for cognitive radio
communication system. Wireless Netw 21(4):1275–1288

32. Xu D, Feng Z, Zhang P (2013) On the impacts of channel estimation
error and feedback delay on the ergodic capacity for the spectrum shar-
ing cognitive radio. Wireless Per Communication 72(4):1875–1887

33. Li L, Goldsmith A (2001) Capacity and optimal resource allocation
for fading broadcast channels-part I: ergodic capacity. IEEE Trans
Inf Theory 47(3):1083–1102

34. Li L, Goldsmith A (2001) Capacity and optimal resource allocation
for fading broadcast channels-part II: outage capacity. IEEE Trans
Inf Theory 47(3):1103–1127

35. Gastpar M (Feb. 2007) On capacity under receive and spatial
spectrum-sharing constraints. IEEE Trans Inf Theory 53(2):
471–487

36. Sboui L, Rezki Z, Alouini M-S (March 2013) A unified framework
for the ergodic capacity of spectrum sharing cognitive radio system.
IEEE Trans. Wireless Communication 12(2):877–887

37. Musavian L, Aissa S (2009) Capacity and power allocation for
spectrum-sharing communications in fading channels. IEEE Trans
Wirel Commun 8(1):148–156

38. Ghasemi A, Sousa ES (2007) Fundamental limits of spectrum-
sharing in fading environment. IEEE Trans. Wireless
Communication 6(3):649–658

39. Zhang L, Liang YC, Xin Y (2009) Robust cognitive beam forming
with partial channel state information. IEEE Trans. Wireless
Communication 8(8):4143–4153

40. Musavian L, Aissa S (2009) Fundamental capacity limits of
cognitive radio in fading environment with imperfect channel
information. IEEE Trans Wireless Communication 57(11):
3472–3480

41. Boydand S, Vandenberghe L (2004) Convex optimization.
Cambridge University Press, U.K, Cambridge

Ann. Telecommun.


	Analysis of capacity limits over fading environment with imperfect channel state information for cognitive radio network
	Abstract
	Introduction
	Related work
	System model
	Ergodic and outage capacity
	Power constraints
	Ergodic capacity
	Optimal power allocation under peak transmit power and peak interference power constraint
	Optimal power allocation under peak transmit power and average interference power constraint
	Power consumption of cognitive transmitter without primary users’ interference

	Outage capacity
	Optimal power allocation under peak transmit power and peak interference power constraint
	Optimal power allocation under peak interference power constraint
	Power consumption of cognitive transmitter without primary user’s interference


	Simulation results and analysis
	Conclusion
	References


