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Abstract

In this paper, we investigate joint power allocation and relay selection (PARS) schemes in
non-orthogonal cooperative protocol (NOCP) based cognitive relay networks. Generally,
NOCP outperforms the orthogonal cooperative protocol (OCP), since it can provide more
transmit diversity. However, most existing PARS schemes in cognitive relay networks focus
on OCP, which are not suitable for NOCP. In the context of NOCP, we first derive the joint
constraints of transmit power limit for secondary user (SU) and interference constraint for
primary user (PU). Then we formulate optimization problems under the aforementioned
constraints to maximize the capacity of SU in amplify-and-forward (AF) and
decode-and-forward (DF) modes, respectively. Correspondingly, we derive the closed form
solutions with respect to different parameters. Numerical results are provided to verify the
performance improvement of the proposed PARS schemes.
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1. Introduction

Since most spectrum is used in a bursty fashion, cognitive radio (CR) proposed by Mitola [1],
aims to improve the spectrum utilization efficiency by allowing secondary users (SUs) to
share primary user’s (PU’s) spectrum as long as SU’s transmit power does not exceed the
interference tolerance of PU [2]. To use the spectrum efficiently while alleviate the
interference to PU, cooperative relaying technique is now considered as a potential means for
SU [3].

Various cooperative relaying schemes have been proposed to achieve the benefits such as
improvement in link quality and reliability, and increase in coverage [4-8]. Among these
schemes, amplify-and-forward (AF) and decode-and-forward (DF) schemes are the two
widely used relaying protocols in cooperative networks [4]. Traditionally, orthogonal
cooperative protocol (OCP) is mainly adopted in two-hop cooperative networks, where source
and relay transmit signals in two adjacent non-overlapping timeslots alternately. Meanwhile,
non-orthogonal cooperative protocol (NOCP) has been proposed in [9], where both source and
relay transmit signals simultaneously in the second timeslot. It is shown in [9] that NOCP
always outperforms OCP, as more transmit diversity gain can be achieved. To fully utilize the
efficiency, we consider NOCP based CR relay networks, where a set of cognitive relays assist
the secondary transmission while sharing the spectrum with PU.

In CR relay networks, it is essential to improve SU’s performance through power allocation
and relay selection (PARS). Under traditional OCP, various PARS schemes have been studied
to meet different requirements [10-16]. To maximize the system capacity, a joint PARS
scheme was investigated in [10] under limited interference constraint for PU. In CR AF relay
network with multiple SUs, joint relay assignment and power allocation was further proposed
in [11] to maximize the sum capacity of SUs. In addition to the interference constraint, the
transmit power for SU is also constrained by transmit power limit in practice. Under the joint
consideration of the interference constraint for PU and transmit power limit for SU, a
simplified power allocation (PA) scheme was proposed in [12] for CR multi-node relay
networks. In [13], the authors studied the PA scheme for CR networks with two SUs in both
direct and relay-aided transmission scenarios. Further, to make a tradeoff between the
achievable rate and the network lifetime, a distributed PARS scheme was studied in [14] for
CR cooperative networks. The authors in [15] proposed the joint PARS schemes under
guaranteed primary outage constraint in cognitive DF relay networks. For cognitive two-way
communication, an optimal PARS scheme was proposed in [16] where a pair of cognitive
transceivers communicate with each other assisted by a set of two-way relays.

To the best of our knowledge, few works have referred to the PARS schemes for NOCP
based CR relay networks. Recently, the works in [17] and [18] studied the PA schemes in CR
relay networks, where multiple non-orthogonal AF relays transmit over the same frequency
band simultaneously. The authors in [19] further considered PA schemes in CR
non-orthogonal two-way relay networks. The “non-orthogonal” in the mentioned studies
[17-19] represents that multiple relays transmit over the same (non-orthogonal) frequency
band. Moreover, the direct link between source and destination is not considered, i.e., source
and relays should transmit in different non-overlapping (orthogonal) timeslots. Consequently,
the mentioned studies are non-orthogonal in frequency domain, while orthogonal in the time
domain. They still belong to the case of OCP protocol in essence. The studies in [20][21]
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considered NOCP protocol with AF and DF modes respectively. However, they focused on
traditional cooperative communications systems, and the context of CR is not involved.

In NOCP based CR relay networks, secondary destination will get signals simultaneously
from ST and SR in the second timeslot, while secondary destination will only get data from SR
in OCP based CR relay networks. Consequently, the NOCP cooperative protocol shows great
superiority as compared to the OCP protocol, for it can provide more transmit diversity.
However, in the context of interference limited cognitive scenarios, the interference constraint
for PU will undoubtedly be affected. Specifically, the interference for PU is caused by ST and
SR simultaneously in the second timeslot. With the alterative interference constraint for PU,
the PARS schemes will be different from that in OCP based CR relay networks.

In this paper, we investigate the NOCP based CR relay networks and propose the PARS
schemes to maximize the SU’s capacity for the AF and DF relay protocols, respectively. The
main contributions of this paper are summarized as follows.

(1) We propose and formulate two optimization problems for PARS schemes in both the
AF and DF NOCP based CR relay networks, subject to the joint constraint of
transmit power limit for SU and alterative interference constraint for PU.

(2) The optimal solution for the PARS scheme in AF NOCP based CR relay networks is
proved to be at the edge of the constrained conditions. Subsequently, an optimal
solution is provided.

(3) In DF NOCP based CR relay networks, the corresponding optimal solution is
achieved according to the channel quality of the direct link and relay-assisted link.
SU can adjust its powers with different channel condition adaptively.

(4) The closed form solutions for the two optimization problems are derived according to
different parameters such as channel conditions, interference constraint for PU and
transmit power limit for SU.

The rest of this paper is organized as follows. In Section 2, we introduce the NOCP based
CR relay network, and discuss power constraints for both ST and SR. In Section 3 and Section
4, we study PARS schemes to maximize the SU’s capacity in AF and DF protocols,
respectively. In Section 5, we present numerical results to illustrate the performance of the
proposed PARS schemes. Then we conclude the paper in Section 6. The main notations used
in this paper are summarized in Table 1.

Table 1. Notations

Per . and Py, | Transmit power of ST in the first and second timeslot with respect to the i-th relay

P Transmit power of the i-th relay
Uy and Ug, Whitening noise caused by PT at the i-th relay and SD
Ng and ng, AWGN noise at the i-th relay and SD

h_; Channel coeffieient between transmitter i and receiver j

G, Normalized gain of the i-th relay in AF mode

| The peak interference that PU can tolerate
P o The maximum transmit power of ST and SR
R(i) The capacity with respect to the i-th relay in AF mode

R(i)or The capacity with respect to the i-th relay in DF mode
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2. System and Channel Model
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Fig. 1. System Model of NOCP based cognitive relay networks.

As is shown in Fig. 1, we consider a cognitive relay network involving a primary system and a
secondary system. In the primary system, a primary transmitter (PT) sends data to a primary
destination (PD). The secondary system is a cooperative relay system, which consists of a
secondary transmitter (ST), a secondary destination (SD) and N secondary relays (SRs). In the
system, the secondary transmission involves two timeslots. In the first timeslot, ST broadcasts
messages to SRs and SD. While in the second timeslot, both ST and the selected best relay
(BR) communicate to SD. Due to the simultanteous transmission of ST and BR in the second
timeslot, this protocol is called NOCP protocol as in [9].

In order to guarantee the QoS requirement of the primary transmission, the transmit powers
of ST and BR should be constrained to reduce the interference to PD. Assume that SU intends

to reuse PU’s frequency band to transmit its signal xS(E(\xSF):l) to SD. The channel

coefficeint between any transmitter i e {ST,BR,PT} and any receiver je{SD,SR,PD} is
denoted as hH., which is invariant during the two successive timeslots. All the links are

independently and identically distributed (i.i.d.) zero-mean Rayleigh flat fading and can be
obtained by pilot aided channel estimation or CSI feedback [22,24]. The thermal noise at
receiver n; is modeled as additive white Gaussian noise (AWGN) with zero mean and

variance o . The noise-whitening filter [25] is applied at SR and SD, so the interference at SU
from PU can be modeled as zero mean AWGN with variance o, and ag,, respectively. Thus,
the received signals at the i-th relay SR, and SD during the first timeslot can be denoted as

Vs =+ /PM’Ihﬂ_mixs’1 gy + g s (8]

Yspa = \/P .s:r,lh,n"—snxs,l tig, + g, (2)
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where yg, and g, , are the received signals at SR; and SD, P; ; represents the transmit power

of ST, X, is the transmitted signal of SU, ug, and ug, represent the whitening noise at SR;

and SD caused by PT.

In the second timeslot, the received signals will be forwarded to SD with the help of SRs.
In practice, two commonly used protocols for the relay retransmission are: AF and DF.

Case 1. AF mode: If the i-th relay is selected to forward the original signal, the received
signal is multiplied by the gain of the i-th relay with G;, and then it is retransmitted to SD.
Thus, in the second timeslot, the received signal at SD can be expressed as

yg,z = Gi PSRi hSRi -SD ySRi + PSTi,Z hST—SDXS,Z +Usp +Ngp, (3)
where yg , is the received signal of SD, Pr, » represents the transmit power of ST
corresponding to the i-th relay and X, , is a new signal transmitted by SU in the second

timeslot [9][21]. It is clear from (3) that the choice of the relay gain G, determines the
equivalent SINR of SD. One choice for the gain was given in [4] as

G? = ]7/ ( Porafhor_sa | +0% + aﬁ) @)
and (3) can now be reformulated as
Yep. = P 2Nsr_soXs.2 + GinfPog Por 17 _sp Neg _spXs 1 + 11 (5)
with
fi=/P G 5o (USR, +Ngg )+ Ug + Ny, - (6)

2 .
Let 6’ =0, +0; , V' =05 +0. , and a)i:\/PSR‘GiZ‘hSR-—SD‘ ol+v® , the receiver

normalizes y,,, and ye , by factors v and @,. This normalization does not alter the SINR

but simplifies the ensuing presentation. Combining (2) and (3), the effective input-output
relation can be summarized as [9]

Yari = HpmX+0, (7)

where Y e =[ Yoo /0, V50 /0 ]T is the received signal vector, H ., is the effective 2x 2
channel matrix given by

- PsraPsr_so /U 0 ®)

AFi !
Gi \/ PST,l PSRi hST—SRi hSRi—SD /a)i PSTi 2 hST—SD /a)i
T. . . . . .
x=[xs,1, Xs,2:| is the transmitted signal vector, and n is the circularly symmetric complex
Gaussian noise vector with E[n]=0 and E[ nn" |=1,.

Case 2. DF mode: For the case of DF mode, the received signal at SD in the second
timeslot can be expressed as

DF _
Ysp,2 = PSRi hSRi—SDXS,l + PSTi,Z hST—SDXS,Z +Usp +Ngp- )
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The input-output relation for DF mode can now be summarized as
Yori = HpeX+N, (10)

where y =[ysm/0, ySD[f,z/u]T is the received signal vector, H, is the effective 2x 2

channel matrix given by [9]

_ PST 1 hST—SD /U O (11)
PSRi hSRi—SD /U PSTi 2Nsrosp /U

Interference Constraint: In the context of interference limited cognitive scenarios, the transmit

power of SU should be approximately controlled to protect PU. Here we take both the
interference constraint | for PU and transmit power limit P for SU into consideration. With

the considered NOCP protocol, ST transmits with power Py, , in the first timeslot and the

DFi

interference caused to PD is PST’1|hST7F,D|2 . While in the second timeslot, ST and SR; transmit

simultaneously with respective powers P , and P the resulted interference to PD

SR,

is Py 5 |Ner_po|* + Peg ‘hSRFPDr. Then the transmit powers of ST and SR, should satisfy
2
Pora |hST—PD| <, (12a)
2 2
PSTi,Z |hST—PD| + PSRi ‘hSRi—PD‘ <lI, (12b)

0< PST,l’ PSTi,Z' PSRi <R

max *

(12¢c)
Equal Power Allocation Scheme: According to the constraints (12a) and (12c), the maximum
feasible transmit power for ST in the first timeslot is P2 = min(l/|hST,PD|2, Pmax). With

respect to the constraints (12b), a simple but not optimal way to satisfy the interference
constraint without cooperation between ST and SR would be to set the predetermined

interference to half of the threshold, ie., Py ,|hg el <1/2 and PSRi‘hSRFPDrsI/Z .

m

Considering (12c), the feasible powers of Py ,and Py are Py , =min(P ax’lzﬂhSTPDrj

and Py =min(Pmax,|2/‘hSRipD‘2j. We denote this scheme as the equal power allocation

(EPA) on average scheme [26]. The EPA scheme allocates powers individually without the
coordination between ST and SR, therefore, it cannot reach an optimal performance.

3. Optimal Power Allocation and Relay Selection Scheme for CR
Systems with AF NOCP Protocol

In this section, based on the analysis of the system capacity, the PARS algorithm for CR
relay networks with AF NOCP protocol is proposed.
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3.1 Problem Statement

We employ an ergodic block-fading channel model and an i.i.d. Gaussian codebook. The
capacity of the AF NOCP CR system is

. 1
R() ae :EIOQZ det(lz +HamH o ) (13)
Substitute (8) into (13) and further (13) can be simplified as

1 P.. P » PaiPy G2Py; P 2 2
R(I)AF =E|092 {14‘[ ST211 +L22]|hSTSD| +%|hST—SD |4 +w‘hsnsa ‘ ‘hSRi—SD‘ '
1) w; U ;
(14)
Let
Gi2 PST 1PSR 2 2 P PST 2 2 PST 1PST 2 4
fi (PST,l' PSTi,Z’ PSRi ):w—iél‘hST—SRi‘ ‘hSRi—SD‘ + %"‘w_:z |hST—SD| +uyz—a)i2“|hST—sD|
(15)
The PARS scheme can be formulated with (12a), (12b), (12¢), and (15) as
Best Best Best |\ _
(P35, Pas, Pot) =arg ., max fi(Per 1 Py o Pog ) (16a)
BR = arg max fi (PSET;eitv Ps?ie,sga Psiieﬁ) (16b)
s.t. Por 2 [Nsr_eo|” <1, (17a)
2 2
Psri,z |hST—PD| + Psrai ‘hSRi—PD‘ <lI, (17b)
0< PST 1 PSTi,Z’ PSRi < Pmax' (17c)

3.2 PARS Scheme Realization

As can be seen, (16a) is a linear increasing function with Py, ,. Take (17a) and (17c) into

account, the best power of Py, should be 5% = min(l/|hST_PD|2, Pmax). For simplicity, let

2
2 2
hST—SRi‘ +O0p +0,,

gi( Psri,z’ PSRi )= fi(PS?re,SI' PSTi,Z’ PSRi ) - F’sie,slt |hST—SD|2/UZ’ GiBeSt :%/\/Psie,slt

ASRi = (GiBeSt )2 Psie,it ‘

hST—SRi |2 |hSR,—SD| ) BSRi = (GiBESt )2 |hSR,—SD |2 O'iz’and CSR, = |hST—SD|2 (1"' Psie,it |hST—SD |Z/Uz)
_ ASR, PSRi + CSR, PST,,Z

, in this case, gi( Pr 2+ Peg )_ >——. The PARS problem can be rewritten as
BSRi Pisi +v
(P33 P") =29 max 0,( Purc. P (18)
BR=argmax g, ( P55, Per) (18b)
2 2
s.t. PSTi,Z |hST—PD| + PSRi ‘hSRi—PD‘ <lI, (19&)
0< Py 50 P <P (19b)

Define the feasible region of the power allocation as



2054 Lan et al.: Optimal Power Allocation and Relay Selection for Cognitive
Relay Networks using Non-orthogonal Cooperative Protocol

2 2
Q:{(PSTi,Z’ PSRi) PSTi,2|hST—PD| + PSRi ‘hSRi—PD‘ <1,0< PSTi,Z’ PSRi <P }
| -|he. o P (20)
—‘ 10| P P |,0<P, <min

2 ' max ! SR — 21 7 max
| ‘hSRi—PD‘

={(Pyy 2+ P, )]0 < Py, <min

hST—PD
The power allocation problem of (18a), (19a) and (19b) can now be simplified as
(Psiie,sgv Psi?St ) =arg max g ( PSTi,Z’ PSRi ) (21)

(PSTi 20 PSRi )EQ

Assume the edge of Q is Qg , which is defined as
P 0< Py <min _ P . (22)

2
I_‘hSRi—PD‘ PSRi
1 max |? ‘2 1 max

2
|hST—PD | hSRi -PD

Qg = (PSTi,Z' PSRi) PSTi,Z =min

In the ensuing analysis, we use the following lemma, which will reduce the complexity of
the power allocation algorithms, the proof of the lemma is shown in Appendix.
Lemma: The optimal power consumption from ST and SR is on the edge of Q, in this case,
the power allocation algorithm can be simplified as
max  g;(Py ,, Pg)= max  g;(Py, Pg) (23)

(PST,,Zv PSR, )eQ (PST| 20 PSR, )€Qsup
Based on this lemma, with different channel conditions, there will be five different cases for
PA as shown in Fig. 2, where the circles identify the potential location of the optimal PA
values of P, ,and Py, . The optimal power allocation will be one of the black circles of the five

different cases as summarized in Table 2.

Once the optimal power allocation is performed, ST can select the relay that maximizes the
capacity according to (16b) and then inform the selected relay to assist the transmission of the
secondary link. For clarity, the proposed power allocation and relay selection scheme for AF
NOCP CR systems is summarized in Algorithm 1.

Algorithm 1: Power allocation and relay selection in AF NOCP CR systems

Step 1: Initialization
* i< 0, R<0, |« @,where I denotes the index of the selected relay.

*  The transmit power of ST in the first timeslot is calculated as P} = min [I /|hST—PD|2 , PmaxJ .
Step 2: i« i+1
2 2 2 2 . .
*  Calculate I/|hST7PD| : I/|hSRi7PD| and I/(|hST7PD| +|hSRi7PD| ) , decide which case belong to as
shown in Fig. 2.

*  Calculate the optimal power allocation for the i-th relay as shown in Table 2.
* Calculate the channel capacity R, with respect to the i-th relay using (14).

* Update | and R:if R, >R, then R« Rand | «i.
Step 3: Repeat Step 2 untili=N .

* Finally, the index of selected relay and achievable maximum channel capacity can be found in
I and R, respectively.
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Fig. 2. Optimal power allocation values of Ry, ,and Ry, for AF protocol with different channel
conditions.



2056 Lan et al.: Optimal Power Allocation and Relay Selection for Cognitive
Relay Networks using Non-orthogonal Cooperative Protocol

Table 2. Summarization of optimal power allocation of Py, ,and Py, for AF NOCP CR system with
different channel conditions

o 0<1/|hg oo| <P 0<1/jh; ool <P,

(P5, PE) =argmax(g,(0, /| o). 9. (1 /I o1 0))

0< 1|y oo| <P, P < 1/lnss oo’

(b) (P, P2t = argmax(gi(O, |/|hSRi7PD|2),gi(Pmax,( he: eol P /| P ) 9, max,0))

<1/|h oo 0<|/|hST_,,D| <P
© (P2, PEe) = argmax(gi((l—|hST7PD| P /| e max) (0 ool 0))

< |/|hSR,7pD|2 Poo < /[N oo’ |/(|hSR_PD| +|hST7PD|Z)g P
“ (P&, P ) = arg max g(% Proc) 0i(P m%> 9, ( Pras 0)
o P < I/(|hSRi7PD|2 +|hST7PD|2)
(P, P ) = arg max (g, (Pruy Prac): 03 ( Py 0))

4. Optimal Power Allocation and Relay Selection Scheme for CR
systems with DF NOCP Protocol

In this section, we study the PARS algorithm for the CR system with DF NOCP protocol and
derive the optimal solution to maximize the system capacity.

4.1 Problem Statement

Define
. 1
R(I)Total = E|092 det( + H DFi H;FI ) (24)
. 1 2
R(I)Relay =—log, (1+ PST,l‘hST—SRi‘ /Giz)v (25)
2
. 1
R() pirect :EIOQZ (1+ Per. 2 |hST—SD|2/Uz)' (26)
Combine (11) with (24), we have
R(1) 1o == Ing[ SR, SR SD‘ /U + H(l ST, m ST—SD|2/UZ)j' (27)

The capacity for the DF NOCP CR system [9] is
R(i)DF :{ . R(i)TotaI- for R(i)ReIay-> R(i)TotaI -_R(i)Direct-
R(Dgetay  RDpire TOr R(1)getay < R = R pireat-
Therefore, the problem of PARS scheme to maximize the capacity can be formulated as

(28)
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(P37, PSS, P ) =arg . max R(1) o (29a)
BR =arg max Iv?(i)l;DF | (29b)

s.t. Par.|sr o] <1, (30a)
Poro[Nsr ool + Peg [N po| <1 (30b)

0< Py 1P 20 Pr < P (30c)

4.2 PARS Scheme Realization
As can be seen, (29a) is an increasing function with Py; ,, By; ,, and P, . Take (30a) and (30c)

into account, the best transmit power of Py , should be Pg =min(|/|hST7PD|2, Pmax). To

optimize the system performance, without considering the constraints in (28) and we first aim
at power allocation to maximize R(i);,,, , later the constraints of (28) will be considered and

the power allocation will be adjusted to maximize R(i) . -

. 2
Define Dg; =1+P3 |hyr_sp| / v®, we have

2 2
fi ( PSTi,21 PSRi ): PSRi ‘hSRi—SD‘ /U2 + DST (1+ PSTi,Z |hST—SD| /UZ)- (31)
Let the optimal power allocation for maximizing R(i);,., be ISST“2 and F3SRi , then the power

allocation problem can be formulated as
( PST,,Z’ PSRi )=arg Pmax fi( PST,,Z' PSRI ) (32)

ST, 21 PSRy

s.t. (30b) and (30c)
Define g, ( Py ;. Pig )=fi(Psr 5, P ) — (1+ P |hST_SD|2/u2 ) , the power allocation problem

can be further converted to

( lssn,zi ISSRi )=arg Pmax_ 9i (P2 Pg) (33)
s.t. (30b) and (30c)

Without considering the power limits (30c), to obtain the optimal solution, the constraint
(30b) should be satisfied with equality, which can be easily proved by the contradiction. The

optimal power allocation for this case are denoted as If’STi'2 and F~>SRi , which should satisfy

IsSRi :(I - lSSTi,Z |hST—PD|2 )/‘hSRi—PD‘Z' (34)

Thus, by substituting (34) into (33), gi( ISST,,Z’ I55Ri) can be further expressed as

2 - 2
B By | ‘hSRi—SD‘ PST,,z ‘hSRi—SD‘ |hST—PD D |h
gi( ST, 27 SRi)_F 2 2 - ST| ST-SD
‘hSR,—PD‘

2
‘hSR,—PD‘

|2

|2

(35)
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2
‘hSRi—SD‘ |hST—PD|

2
‘hSRi -PD ‘

be set as zero and all the power will be allocated to SR, , and when3<0, If’STi_2 will be

2 pp Best
_[1+ T2 |hSTSD|2]|hSTSD|2, for the case >0, Py, , should

UZ

Define 3 =

maximized while I5SRi is set as zero. The power allocation scheme is summarized as
2
(o, 1/ | o] ) for 320,

(I/|hST_F,D|2 : 0) for 3<O0.
When the peak power constraints in (30c) are considered, the optimal power allocation to
the

( IfssTi,za lfsspzi )= (36)

maximize R(i);,, should be further adjusted. For the case 3>0 and I/‘hSRifF,D‘Z <P,

power allocation is the same as (36). However, when 3> 0and I/‘hSRifF,D‘2 > P the feasible
way is to decrease the transmit power at SR, and let it be P, . Taking into consideration that
gi( Per, 29 PSRi) is an increasing function of P, ,, and according to the constraints of (30b)

and (30c), the optimal power allocation of PR, should be adjusted

as Py , = min((l P hSRI_,,D‘Z)/|hST_PD|2 , Pmax) . When 3<0, from a reasoning similar

analysis with the case 3>0, the optimal power allocation for ST and SR, are adjusted.
Integrated from the above cases, the optimal solutions maximizing R(i),, can be obtained as

(0, I/‘hSRi_pDr) for 3>0and |/‘hsa_po

(min((l—PmaX‘hSRiPD‘Z)/|hSTPD|2,PmaX), Pmax) for 320and 1/ |, o 2P,

(I/IhSTprIZ,O) for S<0and I/|h pof <P

(P min(1 = P )/ o Pr))for 3 <0and 1/ o 2 P
37)
Based on the above analysis, the optimal power allocation that can maximize R(i);,, IS
solved. However, only when the constraint R(i)qe., > R()gm — R(1)peq 1S satisfied,
R(i)pr = R(i);o @nd (37) is the optimal power allocation for DF NOCP CR systems. Once
this constraint is not satisfied, the PA scheme needs to be revised to maximize R(i) o -
For the case R(i) gy < R(1)70a = R(D pirect » WE have R(1) o = R(i) petay + R gt - SinCE P

2
< Pmax

O
o
Il

( PSTi,Z’

SR;

has already been achieved as P2 = min(l/|hST_F,D |2, Pmax) , which directly decides the value

Of R(i) geiay » the power allocation should be adjusted to increase Py, ,, further increase the value
of R(i)p;. @nd also the value of R(i), . In all, three cases are analyzed as follows.
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Case 1: when 3>0 and | / ‘hSR,—PD‘Z <P. , the best power allocation that
maximizes  R(i);ym 1S ( FA’STFZ, |35R| ):(0, |/‘hsa,_por) . In this case,
. . . Best ‘hST—SR,‘ |hST—SD|2 I ‘hSR| —SD‘2
R(I)Relay > R(I)Total - R(I)Direct equaIS I:)ST,l 0_2 - 2 21 and the pOWGr

. 1)) 2
i v ‘hSRi—PD

allocation scheme maximizing R(i);,, Will be the best to maximize the capacity R(i) ¢ -

2

2
LS LN

HOWGVEI", if R(i)R9|ay = R(i)TotaI - R(i)Direct that is I:)S"?I,'ej.t 2 - 2

o v 2
' v ‘hSRI—PD‘

the optimal power allocation needs to be adjusted. We first neglect the power constraint of
(30b), and it is easy to prove by contradiction that there will be an equilibrium point satisfying

R(i)DF = R(i)ReIay + R(i)Direct
{ [+ P | o] =1

SR;
Therefore, the equilibrium point(Ps*Ti’Z, P;Ri ) can be calculated as
2
2 2V 2
hSRi—PD‘ (|hSTSD| _72‘hST—SRi‘ J
O
2 I:)sge,slt

|hST7F’D|2 ‘hSRifSD‘ _7|hST—SD|2 ‘hSRi—PD‘Z UhSTSD|2 _\O/_Zz‘hSTSRi ‘ZJ (39)

2 !

(38)

* *

PSTi 2 |hST—PD SR, —PD

2
Best
I ‘hSRi—SD ‘ +PST,1

*

PSTi 2=

* 2 * 2 2
PSRi = I/‘hSRi—PD‘ - PSTi,2|hST—PD| /‘hSRi—PD‘ :
Take into consideration the maximum power limit constraints of (30c), the best power

her sr ‘Z/Ui2 _|hST—sD|2/U2)S I ‘hSR,—SD‘Z/(Uz ‘hSRI—PD‘Z) is given as
(P, PEs)= (min(PS*Ti,z, /|nsr_no "+ P ) Max(P 0)). (40)
hSRrF,Dr)/|hST7PD|2 >P__, the best

power allocation is (PSET‘ff;,PSiTS‘)z(P Pu) @ P55 is already the largest.

max ’ ° max

allocation with P& (

Case 2: when3>0 and I/‘hSRFF,D‘2 >P. . if (I — P

If(l —P ‘hSRifPDr)/|hSH,D|2 <P,.., there exist two different possible situations.
+ if R(i)Relay > R(i)TotaI - R(i)Direct’

2 2
Pmax|hST—PD hSRi—SD‘ Best ‘hST’SRi‘ |hST—SD|

e > <Pg —————— |, the

2 2 2 2 : o 5
v |hST—PD| +I|hST—SD| _Pmax|hST—SD| ‘hSR,—PD‘ I

hSR,—PD ‘2 )/| hST—PD |2 ' Pmax ) :

* 0 R()geray < R(D) 1o — R(1) pirec » SiMilar to Case 1, the best power allocation is

(P2, PE) = (min(PS*Tiyz, /Nt e " Prse): min(max P, ,0), Py, ) (41)

i 2

best power allocation should be( Pﬁfﬁ;, psilest ) = ((| -P.
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~

Case 3: when I<0 , no matter I/|hST7F,D|2 <P, or I/|hST7F,D|2 >P.., Ps, Will always be

set to the largest transmit power allowed by the system, just as shown in (37). In this case, the
best power allocation should be the same as (37) and no power allocation adjust is needed.

- .. - Best ‘hST—SR-‘ |hST—SD|2 Z‘hSR-—PD‘Z
For the simplicity of analysis, let Pg™ —— ——=%R and
o] v ‘h
SR, —SD
2
sl sl :
Best ‘ ST-SR; ST-SD 2 2 2 2
PST,l 02 - 1)2 (V |hST—PD| +I|hST—SD| _Pma><|hST—SD| ‘hSRi—PD‘ )
i
=N , integrated

2 2

|hST—PD| ‘hSRi—SD‘

from the above analysis, the optimal solutions for the original problem (29a) with constraints

(30a), (30b), and (30c) can be obtained as shown in Table 3. Once the optimal power

allocation is performed, ST can select the relay that maximizes the capacity according to (29b)
and then inform the selected relay to assist the transmission of the secondary link.

For clarity, the proposed power allocation and relay selection scheme for DF NOCP CR

systems is summarized in Algorithm 2.

Table 3. Summarization of optimal power allocation of Py, , and P, for DF NOCP CR system with
different channel conditions

320 | <min(Py,, [ oo %)
@ (PE, P2%) = (0,1 of
o 320 R <Py | oo

(Psiie,sév Psiieﬁ ) = (min(Ps*Ti,zv I/|hST—PD|2 + Proax ) 'T“"D((F)S*Ri , 0))
© 320 min(|/|hSR,—PD|2’(I _Pmax|hSRi—PD|2)/|hST—PD|2)2 Prax
C
( PS"BI',esé ’ PSE{?St ) = ( Pmax ' Pmax )

320 min(|/|hSRi—PD|2 !N) 2 Pmax > (I - Pmax hSRi—PD|2 )/|hST—PD|2

(d)
(PS‘?I'?,S;’ PSE;SI ) = ((I - Pmax hSRi—PD |2 )/|hST—PD |2 ! Pmax)
" 320 I/|hSRi—PD|2 > P >max((| _Pmax|hSRi—PD|z)/|hST—PD|2’x)
e
(PS?I'?,S;’ Ps?e?St) = (min(Ps*Ti,z’ I/|hST—PD|2 ' Pmax)’ r’nin(max(l:)s*pei 10)’ Prx ))

3<0 | < P [Ny o]’
0 (Ps?,e,s;’ Ps?eTSt) = ( I/|hST—PD|2 ) 0)

3<0 1 2P oo
(9) .
g (PS?I'?S;’ PSBRTSt) = (Pmax’ min ((I - Pmax |hST—PD|2)/|hSR,—PD|2 ' Pmax ))
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Algorithm 2: Power allocation and relay selection in DF NOCP CR systems

Step 1: Initialization
* 1«0, R«<0, I« J,where | denotes the index of the selected relay.

*  The transmit power of ST in the first timeslot is calculated as Sy = min [I /|hST7F,D|2 , Pmax} .
Step 2: i« i+1
* Calculate |th,pr|2 , 8, R and 3, decide which case belong to as shown in Table 3.

*  Calculate the optimal power allocation for the i-th relay as shown in Table 3.
*  Calculate the channel capacity R(i), with respect to the i-th relay using (28).
* Update I and R :if R(i)p,- > R, then R« R(i)-and | «i.

Step 3: Repeat Step 2 untili=N .

* Finally, the index of selected relay and achievable maximum channel capacity can be found in
I and R, respectively.

5. Simulation Results

In this section, we evaluate the performance of the proposed PARS schemes through
Monte-Carlo simulations for AF and DF NOCP CR systems, respectively, and compare them
with the schemes using equal power allocation (EPA) with relay selection for NOCP CR
systems, and the scheme using PA in [23] with relay selection for OCP CR systems. It is noted
that the proposed schemes and the scheme in [23] can be performed in either a centralized or a
distributed manner as in [27]. All of these schemes need to obtain the channel conditions of the
interference link from SU to PU and the transmission link of SU by pilot aided channel
estimation or CSI feedback. Consequently, they have almost the same implementation
complexity in terms of acquiring channel conditions. However, once all the channel conditions
are obtained, the proposed schemes have slightly more computational complexity than the
scheme in [23], this is because that the proposed schemes need to trade off the powers between
ST and SR in the second timeslot while the scheme in [23] doesn’t. We will show that the
proposed schemes can provide much superior performance than the scheme in [23], which is
verified by simulation results later. We assume that the channel coefficients are i.i.d. and
follow Rayleigh distribution. The following parameters are used throughout this section:
or =—200BW andog, =03, =-18 dBW.

Fig. 3 describes SU capacity versus SU transmit power limit P, with N =4 relays

and | =-18 dBW. As the figure shows, with the increase of P, , the proposed PARS schemes

achieve better capacity performance as compared to the traditional schemes for the NOCP and
OCP systems in both the DF and AF relaying modes. As P__ increases, the performance

max

difference among the three different schemes becomes obvious. However, with the increase of
P..«, the performance improvement of the secondary system firstly increases, and after a

certain level of P__, the performance improvement slows down. This phenomenon can be

max !

explained as follow: when P, is in small region, the transmit power of SU will be dominantly
decided by P, , and will become larger with the increase of P, on condition that the

interference constraint of PU is satisfied. However, with the continuous increase of P__ , the

max !
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interference constraint of PU becomes the dominant factor to determine SU transmit power,
which will scarcely achieve toP,, .

1.4

—©— NOCP DF with proposed PARS
—&A— NOCP DF with EPA H
—— OCP DF with PA in [23]
==©-= NOCP AF with proposed PARS | |
==Ac= NOCP AF with EPA

-=#== OCP AF with PA in [23]

I I I I

-30 -25 -20 -15 -10 -5 0 5 10
SU maximum transmit power Pmax(dBw)

SU achievable rate (bit/s/Hz)

Fig. 3. SU capacity versus SU transmit power limit P,
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4
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15

: —©— NOCP DF with proposed PARS
—&A— NOCP DF with EPA

—— OCP DF with PA in [23]
-=©-= NOCP AF with proposed PARS H
==Ac= NOCP AF with EPA

-=4== OCP AF with PA in [23]

I I I I

-30 -25 -20 -15 -10 -5 0 5 10
Maximum tolerance interference on PU: I(dBw)

Fig. 4. SU capacity versus PU maximize tolerance interference |

SU achievable rate (bit/s/Hz)

Fig. 4 shows SU capacity versus the PU maximum interference tolerance level I with
N =4 relays and P,,, =—8 dBW. It can be seen from Fig. 4, with the increase of I, the
system performance is improved for the reason that more transmit power is allowed for SU.
However, the difference among the three different schemes is neglectable when is in low
regions, especially for the NOCP protocol system. With the increase of 1, the performance
difference becomes obvious. The capacity ceiling is achieved when I is in high regions, which
is due to the fact that when I is large, the SU transmit power is dominantly decided by the SU
maximum power, which is a constant and do not vary with PU interference tolerance level.

In Fig. 5, we compare capacity obtained by SU system under different schemes with
increasing number of relays and keeping interference threshold as | =-18 dBW, and the
maximum transmit power P, =-8 dBW. As the result shows, the performance of the

proposed schemes outperforms the others. It should be noted in Fig. 5 that the capacity
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increases linearly with the increase of the relays number, as more spatial diversity is gained.
Also it can be observed from the result that with relay selection, the performance of the system
with DF protocol improved significantly as compared with the AF protocol system.

13

12

=
-

SU achievable rate (bit/s/Hz)
o
©o

—©— NOCP DF with proposed PARS

"] —A— NOCP DF with EPA

—— OCP DF with PA in [23]

.. === NOCP AF with proposed PARS

¥ ==Ac- NOCP AF with EPA Il

=== OCP AF with PA in [23]
T

0.5
0

5 10 15
Secondary relays number: N

Fig. 5. SU capacity versus secondary relays number N

6. Conclusions

In this paper, the optimal power allocation and relay selection schemes are studied to improve
the channel capacity of SU for non-orthogonal cooperative protocol based CR relay networks
with both the AF and DF protocols respectively, subject to interference constraint for PU and
transmit power limit for SU. In AF non-orthogonal cooperative protocol based CR relay
networks, the optimal solution is proved to be at the edge of the constrained conditions and an
intuitional solution is provided. In DF non-orthogonal cooperative protocol based CR relay
networks, the corresponding optimal solution is achieved according to the channel quality of
the direct link and relay-assisted link. Finally, the closed form expressions for the power
allocation and relay selection schemes are derived with respect to different parameters. The
performance of the proposed schemes was illustrated for different operating conditions and
shown to outperform the other schemes.

Appendix
We give the proof of the Lemma in this appendix.
Proof: For V(Py ,, Py )€Q,
a9, ( PSTi,Z' PSRi )/aPSTi,Z = C/( BSRi PSRi + UZ) >0 (42)
always holds.

Define the feasible region of Py as Q, ={PSRi |0£PSRi smin(l/‘hSRiipD‘z, Pmax)}, we

have Py €Q, gi(PST,,Z'PSR,) increases progressively with R , . In this case,

forv(Py; ,, Py, ) €Q, the equation
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i 2
gi( PSTI,Z’ PSR, ) <0 ( mm((l _‘hSR,—PD‘ PSR, )/|hST—PD|2 , Pmax)’ PSR, ) (43)
is always satisfied, and further we can get

max gi( PSTi,Z' Psrei)S max gi( min((l _‘hSRi—PD‘Z PSRi )/|hST—PD|2’ Pmax)' PSRi) (44)

(PSTi 21 Pegy )EQ PSRI EQF’SRi

As it is easy to get
max  g; ( min((l _‘hSRi—PD‘Z PSRi )/|hST—PD|2 ) Pmax)’ PSRi ): max g ( PSTi,Z' PSRi ) (45)
(PSTi,

Pog; €y, 20 Po; )EQSub

Therefore
max) Qgi( PSTi,Z' PSRi)S( max gi( PSTi,Z’ PSRi)' (46)

( Psti 2+ Pog Psti 2+ Pogy )EQSub

Since Qg, < Q, the equation
max g ( Pr. 20 P ) <. max g ( Par, 20 Pr ) (47)

(PsTi‘z, Psg; )er.m (PsTi 2 Psgi )eQSub

comes into existence forever. Take into consider both (46) and (47), we can get the conclusion
max  g; ( PSTi,Z' PSRi ): max gi ( PSTi,Z’ PSRi ) (48)

(PSTi 21 Poy )GQ (PSTi 21 Poy )EQSub

directly. This completes the proof.
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