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Abstract

This paper considers a wideband cognitive radio network (WCRN) which can
simultaneously sense multiple narrowband channels and thus aggregate the detected
available channels for transmission and studies the ergodic throughput of the WCRN that
operated under: the wideband sensing-based spectrum sharing (WSSS) scheme and the
wideband opportunistic spectrum access (WOSA) scheme. In our analysis, besides the
average interference power constraint at PU, the average transmit power constraint of SU
is also considered for the two schemes and a novel cognitive radio sensing frame that
allows data transmission and spectrum sensing at the same time is utilized, and then the
maximization throughput problem is solved by developing a gradient projection method.
Finally, numerical simulations are presented to verify the performance of the two
proposed schemes.
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1. Introduction

With the rapid deployment of various wireless systems, the limited radio spectrum is

becoming increasingly crowded. On the other hand, it is evident that most of the allocated
spectrum experience low utilization and it is reported by Federal Communications
Commission that 70% of the allocated spectrum bands in US are not fully utilized [1].
Cognitive Radio (CR) technology [2][3][21] is considered as a revolutionary paradigm
providing high spectrum utilization for wireless communications, in which secondary
(unlicensed) users (SUs) who have no spectrum licenses can opportunistically access and
share the unused spectrum of primary (licensed) users (PUs) who have spectrum licenses
at the premise that the interference from SUs to PUs does not degrade the quality of
service (QoS) of PUs. One of the most challenging issues in CR networks [22] is efficient
spectrum sharing [4], which allows SU to utilize the licensed spectrum that are not using
for PU service. There are in general three strategies proposed for spectrum sharing: The
first one is opportunistic spectrum access (OSA) [5], in which the SUs are allowed to
access the spectrum that is allocated to PUs when the spectrum is not used by any PU.
The second way is spectrum sharing (SS) [6], which allows simultaneous transmission of
PUs and SUs. From PU’s perspective, SUs are allowed to coexist with PUs as long as the
interference from SU does not degrade the QoS [23] of PU to an acceptable level [20].
From SU’s perspective, SU should control its transmit power properly in order to achieve
a reasonably high transmission rate without causing too much interference to PU. The
latter one is sensing-based spectrum sharing (SSS) [7], where SUs sense the status of the
channel and adapted their transmit power according to the decisions made by spectrum
sensing. If the spectrum is occupied, SUs transmit with low power, and on the other hand
if the spectrum is available, SUs transmit with high power. The latter approaches can be
seen as a hybrid approach between the first one and the second one. A typical frame
structure for the SU is presented in Fig. 1 which comprises of the sensing and data
transmission slots. In the sensing slot, the SU senses the status of the PU (active/idle) and
in the remaining duration, data transmission is accomplished based on the sensing results
made by spectrum sensing. Hence, the sensing-throughput trade off problem exists
[7][8][9]. This problem which utilizes energy detection [10] for spectrum sensing was
addressed in [8] for a single frequency band, where the authors investigated the problem
of finding the optimal sensing time that maximizes the achievable ergodic throughput
under a constraint on the interference power at the PU. In [7], the design of the sensing
time has been addressed in order to maximize the average achievable throughput under
the SU’s own transmit-power constraint (which was not considered in [8]). This work
was extended in [9] for a wideband spectrum, where the problem of designing the optimal
sensing time that maximizes the throughput of WSSS and WOSA schemes for WCRN
were studied. Different from [7] and [8] the authors in [9] introduce combined average
transmit power and interference power constraints in the schemes, in order to control the
transmission powers of the SUs and effectively protect the PU from harmful interference
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respectively. However, this typical frame structure decreases the ergodic throughput by a
factor of T — T/T. In addition, the problem of the optimal sensing time is an issue.
Motivated by the previous work, this paper address two schemes, namely

Frame n
Framel Frame2 o

Fig. 1. Typical sensing frame structure

proposed wideband sensing-based spectrum sharing (PWSSS) and proposed wideband
opportunistic spectrum access (PWOSA) scheme, in which another frame structure
proposed in [11] is unitized that overcomes the sensing-throughput tradeoff in WCRN by
allowing spectrum sensing and data transmission at the same time. This new model will
be described in Section Il in more detail. Moreover, we study the problem of maximizing
the achievable ergodic throughput of the proposed two schemes under joint average
transmit power and interference power constraints without exceeding the power limit of
the SU or causing harmful interference to the PU. It is shown that there is a throughput
gain for SU under the average over the peak transmit and interference power constraints
[12][13]. Furthermore, we discuss the effect of the average transmit power constraint and
the average interference power constraint on the ergodic throughput and simulate the
performances of the two schemes. The rest of this paper is organized as follows. Section
Il presents the system model while Section Il and IV investigate the problem of
maximizing the ergodic throughput under joint average transmit power and average
interference power constraints for the PWSSS scheme and PWOSA scheme respectively.
The simulation results are presented and discussed in Section V. Finally, Section VI
concludes this paper.

2. System Model

To provide better service for SUs, it is advisable to aggregate the perceived spectrum
opportunities obtained through simultaneous sensing over wideband channel. So this
paper considers a WCRN where SUs can access a wideband spectrum licensed to a PU
under WSSS scheme and WOSA scheme. Assume that the wideband spectrum is divided
into M equally spaced orthogonal narrowband channels. In order to access the frequency
band, the SUs must first perform spectrum sensing to determine the status (active or idle)
of each channel and it can only access the channel when the PU is not present. The
wideband joint detector propose in [14] is utilized in this paper, in which the energy
detector is adopted to sense spectrum opportunities on each channel simultaneously. Fig.
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2 shows the system model of wideband spectrum sensing. The noise at the SUs is
assumed to be circularly symmetric complex Gaussian (CSCG) with zero mean and ¢°n
variance, namely CN (0, ¢°n). The instantaneous channel power gains from the SU’s
transmitter (SU-Tx) to the SU’s receiver (SU-Rx) and the PU’s receiver (PU-Rx) for the
channel and PU’s transmitter (PU-TX) to the SU-Rx are denoted Dy s, Ospis Opsi
respectively, and the channels are assumed to be flat fading and the channel power gains
to be ergodic, stationary and know at the SUs similar to [7][10][15]. The received signal
at the SU-Rx on channel i is given by
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Fig. 2. System model of wideband spectrum sharing
Vi =0X,; X+ (1)

where O; denotes the actual status of the i-th narrowband, ©;= 1 denotes that there is PU
transmitting on the i-th narrowband, while ©;= 0 denotes that there is no PU on the i-th
narrowband, X, Xs;represent the received signal for the PU and the received signal for
the SU on the i-th narrowband channel respectively. Finally n; is the additive noise on
channel i. Consider a similar scenario to spectrum sharing CRN [6] [12], where the SUs
are able to decode the received secondary signal irrespective of the status of the PU. The
received signal on channel i is initially passed through the decoder as depicted in Fig. 2,
where the signal from the SU’s transmitter (SU-Tx) is obtained [6] [12]. In the following,
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the signal from SU-Tx is cancelled out from the aggregate received signal y; and the
remaining signal

it =0X,; +nY, (2)

is used to sense the spectrum on channel i. The detection and false alarm probabilities for
the i-th channel are given by

ol o [F )
P‘“_Q((azn 7 =1 2y +1 3)

P :(\/27i+|Q71(Pd,i)+\/E7i) 4)

respectively[5], where 1 denotes the sensing time, #; is the decision threshold of the energ
y detector on channel i, y; represents the received signal to noise ratio(SNR) from the PU
at the secondary detector on channel i and fs is the sampling frequency.

2.1. New Sensing Frame Structure

Fig. 3 shows the new sensing frame structure proposed in [11] under the system in Fig.
2.1tcan be easily obtained from the Fig. 3 that SUs are able to sense the spectrum and
transmit the data at the same timealmost during the whole duration of the new sensing
frame. Compared with the frame shown in Fig. 1,the new frame is able to maximize
both the sensing and transmitting time for SUs, thus improving the sensing throughput
of SUs. The obvious significances of the new frame structure are as follows.

e Almost the whole duration of the new frame structure can be utilized to sense
the spectrum and transmit the data at the same time for SUs.

e The new frame increases the sensing time, thus more complex spectrum detection
schemes whichrequire higher sensing time can be utilized to sense the present
of PU to provide higher sensing accuracy.

e The new frame increases the throughput of CRN because the sensing time slot
in Fig. 1 is now used for data transmission and the problem of optimal sensing
time is no longer an issue.

e This new frame structure facilitates continuous transmission of the SU.
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Fig. 3. New sensing frame structure

3. Proposed Scheme

In the PWSSS scheme which utilizes the new sensing frame in Fig. 3, the SUs simultaneo
usly sense and access to M narrowband and adapt their transmit power on each channel
based on the sensing

results obtained by spectrum sensing. If the PU on the i —th channel is detected to be absent,
the SUs transmit with high power P(O)S,i on the i-th channel in order to transmit more data
for themselves and on the o Posite side if the PU is detected to be present, the SUs
transmit with a low power P ! s.i on the i-th channel in order to control the interference
level to the legal PU. In general speaking, P(O)S,i > P(l)s,i . Moreover, assume that the PU
transmits with power Pp;on the i-th channel. Therefore, based on the sensing results
(absent/present) and the actual status (idle/active) of the PU, there are four instantaneous
transmission rates distinguished for the i—th narrowband: rog; = Iogz(1+gss,iP(°’5,i/Gzn), Fovi =
1095(1+9ss PP /6%0) F105 = 1002(1+0ss P Vs i/GpsiPpsicn), Ti1i = 109 2(1+0ssiPYs i/ GpssiPpsic™n),
Here, the first index number of the instantaneous transmission rates denotes that the
actual status of the PU (”0” for idle, ”1” for active) and the second index number
indicates the sensing results detected by SU (0" for absent, ”1” for present), finally the
third index number indicates the i-th narrowband. In real-time environment, spectrum
sensing is always imperfect and the sensing errors may happen due to missed and false
detection of the spectrum. Table 1 lists four possible scenarios under the transmission
model in real-time environment according to the actual status of the PU and the decisions
made by SUs. It can be clearly obtained from Table 1 that when the spectrum is actually
occupied by the PU and wrongly considered idle, the SU still transmits with high power
PO . because it is not aware of the presence of the PU. On the other hand, when a false
alarm happens, the SU still transmits with low power PY; even if the channel is available
to SU. Therefore, the total ergodic throughput of the i-th channel for the PWSSS scheme
is given by

C =ay, o + Mo + 0ol +0y, 0y ()
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Table 1. Possible transmit power and rate.

PU’s actual status | Sensing results | Related Transmit power Transmit rate
Probability
1 1 Py PO M
1 0 1- Pd,i P(O)s| l10,i
0 1 Prai PU Mo
0 0 1- Pfayi P(O)s| I'OO,i

where ag; = P(Ho)(1~ Prai), boi = P(H1,)(1= Pq,), a1i = P(Hoi)Prai, b1i = P(H1,)Pai, P(Ho,)
and P(H ) represent the idle and active probability of the i-th channel respectively. In the
PWSSS, due to the coexistence with PU, the harmful interference at the PU-Rx should
not exceed the given threshold. At the same time, in order to control the transmit power
of SU, the transmit power of SU should under a predefined threshold. SU’s average
transmit power and interference power at PU constraints which can be written as

E{i[ao,ip(ms,i + a'1,i|:)(1)s,i +b0,ip(0)s,i + bl,ip(l)s,i]}S Pav (6)
i=1

E{bO,igsp,i (0) +b1 gSpl (1)}< F I _1 M (7)

where P,, denotes the predefined threshold of average transmit power of the SUs, and "
represents the predefined threshold of average interference power that is tolerable by PU.
Therefore, the maximizes ergodic throughput of the PWSSS under the new sensing frame
can beobtained by solving the following optimization problem

M
P :{Ps,i(O)’ Ps |(l)}R{P (0)’ Ps |(1)}= ZC|} (8)
i=1

Based on the Lagrangian method [16], the problem (8) is equivalent to find the minimum
of Lagrangian function:

L(P (0)’PSI(1) ﬁ“ /ul)

= E{Z(a0|r00|+all 0L, +b0|r-10| +b1 Ill|

9
_i[E{Z[aO,iP(O)s,i +al,ip(l)s,i +b0,iP(0)s,i +b1,iP(l)s,i]}_ Pa ] ( )

_Zﬂ|[E{bO|gsp|PS|(0)+b1 gspl (1)} 1_‘]

i=1
where X, Y; are non-negative Lagrangian multipliers associated with the transmit power
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constraint of SU and interference constraint at PU and the dual function is given by

- (0) @
g(ﬂ”ul) = mlnps‘i(m’st(l) I—(Ps,i ’ Ps,i ’ Xy/ui) (10)

In order to calculate the dual function g(A, ), the supremum of the Lagrangian with
respect to P ©;and PY;; need to be found. This problem can be decomposed into two
sub-dual-problems:

M
maximize  E{> gl +byiho;}
i=1

M
Ps,i(O) 20 _ﬂ'EZ[aO,iP(O)S,i +b0,iP(0)s,i]} (11)

i=1

—iui[E{bo,igsp,iPs,i‘O)}
max imize E{i ayhy; 0}
=
P.®>0 —ﬂEi[amP(l’sli+b1’iP(1)syi]} (12)
=
DIICCENE

One for each transmit power. These two problems are convex optimization problems,
Karush-KuhnTucker (KKT) conditions are applied to find the optimum solution. The
optimal power allocation is obtained as [17]

)
Ps,i(O) :['A\),i "Z'Ao,i ]+ p®_ [%]+ (13)

1 i

_ log,(e)(ay, +by) 20° + 094 P,
ﬂ(ao,i +b0,i)+:uib0,i’ Osp.i Oss,i

A (14)

AO’i _ AZOi _ 4 {O-n2 + gpsfzpp,i _ Iogz(e)(ao,i (20_2n + gsp,i I:)p,i) + bO,iGZn)} (15)
gss,i gss,io-n ﬂ'(ao,i + bO,i) + :ui bO,i ! gsp,i
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Al- — Iogz(e)(al,i + b1|) _ 262n + gsp,i I:)p,i
! ﬂ‘(ai,i +bo,i)+/1ib1,ivgsp,i Oss.i

Al' = Azl' - 4 {O-n2 * gps'ipp’i — |ng(e)(ai’i (Zo'zn + gsp,ipp,i) + b1,i02n)}
J i Oss.i gss,,iUn—2 i(ai,i + bl'i)+ luibl,i v Oepi
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(16)

(17)

and [x]+ denotes max(x, 0).In order to solve the problem in (8), i.e., to find the optimal
values for multipliers A and p;. We apply the gradient projection method [18], which
requires the calculation of the subgradient of A and ;. Since the subgradients of A and

Wi are given by (Pay — E{Y ™i=1[ (ao; + bo;)Ps; + (a1 + b1)Ps; 1}) and

(I' = E  Qspiib0,iPsii + QspyiD1,iPs,i), respectively, wherei =1, ..., M . A and y; can be obtaine

d from

CREITINEE (29 (CHETRICIN PICRRT LN Sk

Hika = [:ui,k + a{E{gsp,ibO,i Ps,k(O) + gsp,ibl,i Ps,k(l)}_r}]+

(18)

(19)

where a is the step size. From literature [19], we can obtain that if the step size o is small
enough, the dual variables can converge to the optimal value A*, u*; within a small area.
Under this, P©"s,i and P®"s,i can be obtained through substituting (14)-(17) in to (13).

Proof: See Appendix.

The steps of the PWSSS algorithm that utilizes the gradient projection method

[18] are as follows.
Stepl: Initialize Aq, Wi, 1, k =1;
Step2: Calculate Ps,ik and Ps,ik using equation (13)-(17);

Step3: Calculate the search direction:
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M

d,zk = [E{Z[(ao,i + bo,i ) Ps,ik(O)] + (al,i + bl,i)Ps,ik(l)}_ Pav]+’
i=1

d#ik = [E{gspyibovi PS,k(O) + gsp,ibl,i Ps,k(l)}_r}]+;

Stepd: If dy <e, dyik<e, (PsiK, Ps,ik) = (Ps,iK, Ps,iK) is the approximate
optimal solution, else update by (18),(19);

Step5: k =k + 1, go to step 3.

4.1.Proposed Wideband Opportunistic Spectrum Access Scheme

In the PWOSA scheme which also utilizes the novel sensing frame in Fig. 3, the SUs
simultaneously senseall the narrow bands and can access to the spectrum bands only
when hose are detected to be available.However, as mentioned in the section Ill, due to
the limitations of spectrum sensing techniques and thenature of wireless communications
in realtime environment, spectrum sensing is always imperfect and the sensing errors
may happen due to missed and false detection of the spectrum. Missed detection leads
to more collisions between the SUs and the PU where the channel is wrongly considered
idle,whereasthe false alarm makes the SU keep silent even if the idle channel is available
to SU.In the PWOSA scheme, we consider the average transmit power constraint given
by equation (6) aswell as average interference power constraint obtained by equation (7)
like the PWSSS scheme.So the optimization problem that maximized the ergodic
throughput of the proposed OSA scheme can be formulated as follows

max imize ( o (1)) {iC )
R Psi ) Psi =E i
{Ps,i(O)’ Ps,ik(l)} ' . -1
subjectto (6),(7),P,;” >0,P,¥ =0 (20)

It can be seen from (20) that the PWOSA scheme has the same form as the PWSSS
problem (8) for PY; = 0. This is no surprise, since the difference between the two
schemes is that in the PWOSAscheme, a SU is not allowed to access the spectrum that is
utilized by PU while in the PWSSS scheme, a SU is allowed to coexist with the PU and
transmit with power PY;; when the spectrum is active. As a result, PWSSS algorithm can
be used to solve the maximization ergodic throughput problem for the PWOSA scheme
by setting P®; = 0.
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5.Simulation Results

In this section, numerical simulations were presented to compare the performance of the
conventionalwideband sensingbased spectrum sharing (CWSSS) utilized typical sensing
frame and PWSSS schemutilized new sensing frame.In addition, the comparisons of
PWSSS scheme and PWOSA scheme are alsodiscussed. The parameter settings are show
ed in Table 2.

Table 2. Parameter settings.

Sensing Time T 95ms

Sampling frequency T, 7TMHZ

The probability that PU is idle P (HO) {0.6,0.7,0.8,0.9%

The detection probability Py 0.94

Maximum average transmit powerP,, {0~25}dB

Maximum average interference power T {—25~-5}%dB

SNR vy {-20,—20, -15,-12} dB
The noise o’n 2

Number of narrowband channels M 4

5.1.Comparison of PWSSS and CWSSS schemes

In Fig. 4, the ergodic throughput versus the sensing time t is presented for the PWSSS
scheme and the CWSSS scheme that employs the conventional frame structure in Fig. 1
for different values of the average transmit power P, of the SUs. The threshold of the
average interference power tolerated byPU is setto T" = 10 dB, whereas the probability
that the frequency band i is idle is assumed to be P(H,,)) = 0.7, 1 =1, 2, 3. It can clearly
obtain that the ergodic throughput of the PWSSS is significantly higher compared to the
CWSSS. This phenomenon can be explained by the fact that the whole duration of the
frame T is used for data transmission in the PWSSS, as opposed to the CWSSS, where
only a part of the frame is used for data transmission. Morever, the ergodic throughput
for P, =15 dB is muchlarger than that for P,, = 10 dB and P,, =5 dB both in PWSSS
and CWSSS scheme. This indicatesthat the SU’s transmit power constraint has great
influence on the ergodic throughput.

Fig. 5(a) and Fig. 5(b) show the ergodic throughput versus average transmit power P,, of
the SUs for the PWSSS and the CWSSS, for different P(Hy) under the same maximize
average interference power T. It is clear that the ergodic throughputs of PWSSS and
CWSSS schemes increase with the increasein P(H,). This is reasonable due to the fact
that a larger P(Hy) indicates a higher probability that the licensed channel is available
and there will be more chance for SU to transmit their data with higher transmit power.

In addition, it is evident from Fig. 5(a) and Fig. 5(b) that the ergodic throughput of the
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PWSSS is always larger than those of the CWSSS. This shows the superiority of the
novel sensing frame structure which is utilized in the PWSSS scheme.In Fig. 6(a) and
Fig. 6(b), the ergodic throughput versus the transmit power P,, of the SUs for the PWSSS
algorithm and CWSSS are presented for various values of the interference power T
at PU and for P(Hy;) =0.7,] = 1, 2, 3. It can be clearly obtain from Fig. 6(a) and Fig. 6(b)
that the ergodic throughputs of the PWSSS scheme are always larger than those of the
CWSSS scheme. This shows the superiority of the novel sensing frame structure which is
utilized in the PWSSS scheme. In addition, it is seen from the figure that the ergodic
throughput increase with the increase in both the transmit power constraint and the
interference power constraint. In addition,it can be obtained from Fig. 6(a) and Fig. 6(b)
that the ergodic throughput doesn’t increase when the average transmit power arrives
at a fixed value. In this case, the interference power at PU becomes the main constraint

5 T T T T T T T T T
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Fig. 4. Ergodic throughput of the PWSSS and CWSSS schemes versus the sensing time t .
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Fig. 7(a) and Fig. 7(b) show the ergodic throughput versus average transmit power P,, of
the SUs for PWSSS and the PWOSA, for different P(H,) under the same maximize
average interference power I'. It is clear that the ergodic throughput of PWSSS scheme
and PWOSA scheme increase with the increase in P(Ho). This is reasonable due to the
fact that a larger P(H,) indicates a higher probability that the PU is absence and there will
be more chance for SU to transmit their data with a higher power. In addition, it is evident
from Fig. 7(a) and Fig. 7(b) that the ergodic throughput of PWSSS is always larger than
those of PWOSA. This shows the superiority of the sensing-based spectrum sharing
model adopted in PWSSS scheme.
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In Fig. 8, the ergodic throughput versus the average transmit power P,, of the SUs for the
PWSSS algorithm and PWOSA algorithm are presented for various values of the
interference power I" at PU and for P(Ho;) = 0.7, j =1, 2, 3. It can be clearly obtain from
Fig. 8 that the ergodic throughputs of the PWSSS scheme are always larger than those of
the PWOSA scheme. This shows the superiority of the sensing-based spectrum model. In
addition, it is seen from the figure that the ergodic throughput increase with the increase
in both the transmit power constraint and the interference power constraint. Moreover, the
smaller the I", the smaller the difference between ergodic throughput for PWSSS and
PWSOA. This can be explained by the fact that the SU’s transmit power in the PWSSS is
mainly allocated at the periods when the spectrum is available, and the contribution of the
PWSSS is significant only when the interference power I receives higher values. In
addition, the ergodic throughput for T" = =5 dB is much larger than that for T" = —10 dB
and T" = —15 dB both in PWSSS and PWOSA scheme. This indicates that the interference
constraint T" has great influence on the ergodic throughput. In addition, it can be obtained
from Fig. 8 that the ergodic throughput doesn’t increase when the average transmit power
arrives at a fixed value. In this case, the interference power at PU becomes the main
constraint.
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interference power T'under P (HO,i) =0.7,i=1, 2, 3.

In Fig. 9, the ergodic throughput versus the interference power I" at the PU for the
PWSSS algorithm and PWOSA algorithm are presented for various values of the average
transmit power P,, of SUs and for P(Hy;) = 0.7, i = 1, 2, 3. It can be clearly obtain from
Fig. 9 that the ergodic throughputs of the PWSSS scheme are always larger than those of
the PWOSA scheme. This shows the superiority of the sensing-based spectrum model. In
addition, the ergodic throughput for P,, = 15dB is much larger than that for P,, = 5 dB
and P, = 0 dB both in PWSSS and PWOSA scheme. This indicates that the transmit
power constraint Pav of the SUs has great influence on the ergodic throughput. Moreover,
it can be obtained from Fig. 9 that the ergodic throughput doesn’t increase when the
average interference power arrives at a fixed value. In this case, the transmit power of
SUs becomes the main constraint. In Fig. 10, the ergodic throughput of the PWSSS and
PWOSA scheme are presented versus the additional channel power gain attenuation
between the SU-Tx and PU-Rx under ' = =10 dB and P,, = 15 dB. Note that, with
increasing channel attenuation, it is observed that the total ergodic throughput increases
for both PWSSS and PWOSA schemes. This is obvious since given the fixed average
interference power threshold at the PU, increasing the channel attenuation results in
increasing of SU’s own transmit power.
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6.Conclusion

This paper studies the problem of designing the optimal power allocation strategy that
maximize the ergodic throughput of PWSSS and PWOSA schemes in cognitive radio
networks, subject to different combinations of average transmit and average interference
power constraints, which utilize a new sensing frame that significantly improves the
throughput by performing data transmission and spectrum sensing at the same time.
Simulation results indicate that the PWSSS scheme obtains higher ergodic throughput
compared to the PWOSA scheme and CWSSS scheme. Finally, in our future research we
plan to extend this work for multiple primary users in CR networks.

Appendix
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