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Abstract

various channel environments.

A power allocation strategy is proposed for single-antenna overlay cognitive radio networks, in which the secondary
user helps transmit the signal of the primary user while concurrently conveying its own signal by means of a
superposition coding technique. The study commences by deriving analytical expressions for the bit error rates (BERs)
of the primary and secondary users. A power allocation strategy is then proposed for minimizing the total power
consumption of the two users while simultaneously satisfying their respective BER constraints. The analytical BER
formulas are not convex, and hence the optimization process presents a significant challenge. Accordingly, two more
tractable BER approximations for the primary and secondary users are proposed to transfer the non-convex problem
into a convex one. The simulation results confirm the effectiveness of the proposed power allocation strategy under
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1 Introduction

Cognitive radio (CR) transceiver design has received sig-
nificant attention in recent years due to the ability it pro-
vides to make more efficient use of the spectrum resources
[1-3]. By assigning the CR users different priorities, i.e.,
primary users (or non-cognitive users), denoted as Uy,
and secondary users (or cognitive users), denoted as Up,
both types of user are able to coexist in a neat way and
fully utilize all of the spectrum resources. As a result, CR
provides a highly promising solution for future wireless
systems [4].

In developing CR networks, the aim is for Up to max-
imize its use of the spectrum resources without severely
affecting the transmissions of Uy. Existing CR schemes
can be broadly classified as either interweave, underlay,
or overlay [3, 5-17]. For convenience in the following
discussions, let T4 and R4 denote the primary transmit-
ter and primary receiver, respectively, and let Tp and Rp
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denote the secondary transmitter and secondary receiver,
respectively.

In interweave networks, Up transmits its signal to
the intended receiver only if the spectrum is not occu-
pied by Ua. The performance of the interweave CR
schemes is thus dominated by the ability of the users
to sense the spectrum occupancy [11, 12]. If the users
fail to detect spectrum holes, performance degradation
inevitably occurs. Thus, spectrum detection is a critical
issue in interweave CR networks. Furthermore, each user
consumes a distinct channel in the interweave CR model,
and hence the capacity of the system to accommodate
users is restricted. The underlay CR model improves spec-
trum utilization by allowing Up to convey its signal over
the same channel as that used by U4 provided that the
transmissions of Tg do not interfere with those of R4 too
severely. To minimize interference at R4, Tp should be
designed such that the power of its interference falls below
a certain predefined threshold [2, 3, 13-15]. However,
the error performance of Rz may still be unsatisfactory
due to additional constraints imposed at R4. It is noted
that this effect is particularly apparent when T3 is located
physically close to Ry4.
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The overlay CR model is designed to overcome the poor
error performance at Rp by enabling Tz to help Uy relay
its signal while concurrently transmitting its own signal.
This assistive function can be realized using either some
form of cooperative relaying technique or a superposition
coding (SC) scheme [5, 14—17]. For the case where Tg
is equipped with multiple antennas [6], the zero-forcing
beamformer can be used to convey the signals of U4 and
Up concurrently using a random vector quantization feed-
back mechanism [5, 14]. In [7], the primary and secondary
systems operate simultaneously using the space-time code
originally developed for multiple-input multiple-output
systems. More specifically, Alamouti code is applied at
the secondary transmitter such that the signals received
at the receiver can be decoupled and interference-free sig-
nals obtained. The overlay designs in [5-7, 14, 18], rely
on either precoding or the use of space-time coding at
Tp. However, for some applications such as sensor and
body networks, allocating single antenna at each node can
practically save power and cost [19, 20].

It was shown in [21] and [19] that through the assis-
tance of T the error performance of U4 can be enhanced
such that the required quality-of-service (QoS) is guar-
anteed. However, an efficient CR design is crucial when
space diversity is not available at the transceiver pairs of
Uy and Up. Accordingly, this study focuses specifically on
the problem of QoS-controlled overlay CR design with no
space diversity. In developing the proposed overlay design,
an assumption is made that the signals are transmitted
in two phases, as shown in Fig. 1. In the first phase, T4
broadcasts its signal to both R4 and Tp. In the second
phase, Tp performs decode-and-forward (DF) over the
received signal from T4. Specifically, if T fails to decode
the received signal from T4, T transmits only its own sig-
nal. However, if decoding is successful, Tp transmits an
SC-combined signal comprising the signals of both Uy’s
and Up’s signals to R4 and Rp with an appropriate power
gain. R4 combines the two signals received from T4 and
Tp using a maximum ratio combining (MRC) technique
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and then decodes the signal. Similarly, Rg decodes the
SC-combined signal from T.

Due to the signal transmission protocol used in the con-
sidered overlay CR network, the error performances of
Uy and Up are inherently affected by both the transmit-
ted powers of T4 and T and the power allocation factor
used in the SC scheme. To evaluate the respective effects
of these factors on the error performance, this study com-
mences by analyzing the BERs of U4 and Up, where the
BER is expressed as a function of the transmitted powers
of U4 and Up and the power allocation ratio applied in the
SC scheme. A power allocation strategy for the SC scheme
is then proposed to minimize the total power consump-
tion of the two users while simultaneously satisfying their
respective BER constraints (i.e., QoS requirements). The
analytical BER formulations are not convex, and hence
determining the optimal solution for the power alloca-
tion ratio is challenging, even for numerical methods. To
address this problem, two more tractable BER formulas
are proposed for Uy’s and Up’s BER. The optimum power
allocation factor is then determined by solving these two
approximations with the proposed non-iterative and iter-
ative approaches. The validity of the proposed power
allocation strategy under various channel link conditions
is demonstrated by means of numerical simulations.

The remainder of this paper is organized as follows.
Section 2 introduces the signal model of the overlay
transceiver structure and derives the related analytical
BER formulations. The approximated BER expressions are
then formulated. Section 3 describes the proposed opti-
mal power allocation strategy based on the approximated
BER expressions. Section 4 presents and discusses the
simulation results. Finally, Section 5 provides some brief
concluding remarks.

2 System model and BER performance

2.1 System model

Figure 1 shows the overlay spectrum-sharing system con-
sidered in the present study. Note that each node is
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Fig. 1 Cooperative spectrum sharing system with single antenna equipped at each node
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equipped with only a single antenna. The received signals
(1) 1)

€ Cand yr, € Cat R4 and T3 in the first phase can
be expressed respectively as
= hr, Ry vV PaSA + Vl( ) (1)
and
y(TIB) = hr,, 157/ Pasa + n%: ()

In (1) and (2), s4 denotes the signal transmitted by
Go <G%AvRA) and K, T,

Go (O‘%A,TB) are the channel gains of links T4-to-R4 and

Us. Moreover, hr,r,

. . . 2 2
Ty-to-Tp, respectively, with variance o7, » and o7, 7.
Here, Go(02) denotes a zero-mean Complex Gaussian dis-

~ Qo< nRA) and

TB) denote the noise received at R4 and T,

tribution with variance o2; finally,
iy ~ Go (o2
respectively, with variance 03,13,; and Gi 1,5 and Py is the
transmitted power of Ty.

When Tp receives the signal from T4 in the first phase,
it performs a DF operation on the received signal s4. If s4
is decoded correctly, then Tp combines s4 and sp using
SCL. However, if the decoding process fails, then T sim-
ply transmits its own signal sg. Note that in the present
study, it is assumed R4 learns the result of the DF opera-
tion through a control signal. Thus, the received signal at
R4 and Rp in the second phase are expressed respectively
as

@ _ h1yRa N/ PB (\/SSA + 41— (SSB) + ”}e) ,if T decodes signal correctly
YRy =
4 0 , otherwise

3)

@ | h1s.Rsv/PB (fsA +v1- SSB) + ng; , if Tp decodes signal correctly
Yrg =
hTB RB“/ 'BSB + n(ZJ

, otherwise.

(4)

~ Go (G%B,RA) and fizry ~ g()( TB’RB>

are the fading gains of links Tp-to-R4 and Tp-to-Rp

. . . 2 2 2
respectively, with variance o7, , and or p; ng,

Go (U}’%RA) and n() ~ Go <03,R3) denote the noise

received at R4 and Rp, respectively, with variance ‘73, Ry
and cri Ry’ Pg is the transmitted power of T; and § is the
power allocation factor applied for combining signals s4
and sp in the SC scheme. The larger § is the larger portion

of the composite signal allocating to s4.

Here, hryr,

2.2 BER performance

In evaluating the BER performance of the considered
overlay CR scheme, the following discussions commence
by deriving analytical formulas for the BERs in decoding
s4 at R4 and sp at Rp, respectively. Tight approximated
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BER expressions are then derived to facilitate the SC
power allocation optimization process.

2.2.1 BER performance in decoding s, for Us

Decoding signal s4 at R4 involves two diverse cases,
namely T decodes s4 correctly and T decodes s4 incor-
rectly. For the former case, T transmits the SC-combined
signal shown in (3) and (4) to R4 and Rp concurrently
in the second phase. It is thus necessary to first decode
sp correctly and then to subtract sp from y}?j. Since sp
is subtracted first, the SC power allocation factor § is
restricted to the interval [0,0.5] to avoid serious degra-
dation in decoding s4. Then, MRC is adopted to combine
the extracted signals for decoding s4 from the two phases.
Note that if R4 fails to decode s, MRC is not performed,
and s4 is decoded merely based on the signal y(l) Here,

we denote Pf,?f; as the BER of s4 at R4 for this case.

For the latter case, Tp incorrectly decodes s4, where Ry
detects s4 through ygj. Denote P’ g and pX ?;U as the BERs
of s4 at T and Ry, respectively. The overall average BER
denoted as P, 4 can then be evaluated as

Po = P3 PRSI 1 (1 PI2 ) PRSI, (5)

The three BER terms in (5), i.e. PeT,sA , PRA 1, and Pﬁ?f] are
separately derived in the following. Without loss of gen-
erality, for s4 and sg, binary phase shift keying is adopted
and an equal probability of the data symbol outcomes is
assumed.

Since s4 is corrupted only by the fading channel gain
hr, R4, the conditioned BER can be expressed as [22]

Palh 2
I (hr,1,) = Q 2(") . ©)

On,RA

The channel gains are assumed to be complex Gaussian
distributed. As a result, PeT, ¢, can be easily obtained by
averaging PeT,fA (hTA,TB) over hr, T, to give [22]

PZ:EA = E{ e,s4 (hTA TB)}

1 |:1 _ Y Ta,Ts ] (7)
2 1+ Y Ty, TB

= U%A,TBPA/O’V%TB and E {-} being expectation

with y7, 15
operation.
Similarly, PR 411 can be obtained as [22]

PR — [ VTR] o
6,54 2 1+)/TA,RA ( )

where y1, r, = J%A RAPA/Gf%,RA'

Calculating PR 40 also involves two diverse cases,
namely, sp is correctly decoded at R4 in the second phase,
or sp is incorrectly decoded. For the former case, if the
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received signal yg: subtracts the correctly decoded sp to

be 5/}62), then an MRC operation is optimally performed

over the received signals y(l) and y(z) 2 Since sp needs to
be correctly decoded first, sp requires a larger amount of
power to be allocated, which means 0 < § < 0.5. Other-
wise, the error occurs even when the noise is absent. Let
the BER of this case be denoted as PQ?AI'(MRC), The corre-
sponding BER conditioned on the channel gains required
for decoding s4 can be derived as

Palhror,|” Polhryr,|’s
Ps?/;l’(MRC) (hTA,RA'hTB,RA) -Q 9 ( A{ ;"A,RA| + B| TZB,RA| ) )
Un,RA Un,RA

)

For the latter case, if s is decoded incorrectly, we only

use yg: to detect s4, and the corresponding BER is equal to

PS?AH as shown in (8). Let the BER of sg at R4 be denoted
as Pf ?E;I with the given channel gain /it z,, Pf ?E;I can then
be computed as

Z s (hrrarsa = (1), 58 = (—1))
i,j=0
P sa = (1)) P55 = (~1))
1
1 .
= 5 Z 6:1541;1 (hTB,RArSA = (—1)L,SB = 1)
i=0

th R4)

nRA

_ 1 QQZPBhTBRA (\/—_’_( l)f))
0

(10)

Here, we can observe that the formulation of (10) is
more complicated than that of (6) since sp is decoded from
a composite signal in (3), while s4 is decoded from the
received signal in (2). The BER in decoding s4 at R4 can
be obtained with the assistance of (8)—(10) as
pRu1) PRA L(MRC) | pRad pRall

&SR €SB © es4

/ / 1_ esB (hTBRA))PRAI<MRC) (hTA’RA’hTBrRA)

0

PR = (1

€,SA

+ PR () PR (7 |
_‘hTA*RA‘ ‘ TBRA|
e 'Taka VTg.Ry d|hTARA| dlhTBRA|

(11)

where yr, R, O’%A]RAPA/O”%’RA and Y7y R,
G%B,RAPB /0}12, Ry Finally, (5) can be calculated in the close
form using the approximation given in Appendix A, where

P, 4 is obtained as a function of §, P4, and Pp.

2.2.2 BER performance in decoding sg for Ug
Determining the BER of Up also requires the considera-
tion of two separate cases, namely T decodes s4 correctly
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and incorrectly. First, consider the case where Tp decodes
s4 correctly. In this scenario, Rp receives an SC-combined
composite signal from 7Ty in the second phase. Conse-
quently, sg can be directly decoded from the composite
signal y(z) using (4). As for the derivation of P4/ (h1pr,)
in (10), the conditional BER in decoding sp at Rp, denoted
as PfsB (h1,R5), is given by

1
Pif,;’(hTB,RB)=%ZQ sz’BV'TBRB(\/ 5+ (1) f)

nRB

Il
=)

(12)

Averaging (12) over |hT3,RB |2 with exponential distribu-
tion, P&/ is obtained as

‘hTBRB}
YTg,Rp d}hTB Rs |

oo
) g
Pfjsgg = [) Pf,gg (h TB,RB )

i (m+ (—l)i\/S)ZVTB,RB
i=0 14 (V 1-6+ (_l)i“/g>2VTB,RB
(13)

NM—‘
N | =

with y 1 5 = O’%B’RBPB/O'H Rs*

For the case where T decodes s4 incorrectly, Tp merely
transmits sp to Rp. Thus, the BER in decoding sp, denoted
as Pffé , can then be calculated as

PRB,II

- [ Y Tg,Rp ]
&% 2 14+ y1sRs '

Finally, the BER in decoding sp at Rp, denoted by P, 3,
can be determined from the BERs given above as

(14)

T I pT Nt
Pe,B = (1 - Peﬁ;) Pf?g efopfy?B
_1 (1 4 W)
8 1 + )/TA,TB
X 2
1 (er (—I)K/S) %

le—

. 2
i=0 1+(x/1—5+(—1)l\/5) 4
+ 1 (1 _ | VYV Tu,Tp ) (1 ] Y Ts,Rp )
4 1+ YT4,Tp 1+ YT3,Rp

which is also a function of §, P4, and Pg.

BB

(15)

2.2.3 Approximate BER expressions

To facilitate the power allocation optimization process,
this section derives two more tractable approximations for
P, 4 and P, g, denoted as P,3 4 and Pe B, respectively.
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The BER P, 4 derived in (5) can be approximated as

2

~ o

P P v ( n TB ) § < 2nYRA )
4O’TA TBPA 4GTA,RAPA
< n TB )
40TA TB

1 3

X 5 "RA |: 5+ :| .

1602, 4 02 ¢ PaPp L(1—25)

Note that the detailed derivation is provided in
Appendix A.

Meanwhile, BER P, derived in (15) can be approxi-
mated as

(16)

~

Pe,B ~ Pe,B
2 2 2
Gn,TB Gn,RB Gn,TB
= 5 X 2 + 1-— 72
4UTA,TBPA 4GTB,RBPB 4JTA,TBPA
2

n,Rp 1
X .
4a%B'RBPB (1 —28)2

The detailed derivation is provided in Appendix B.

(17)

(2015) 2015:249

Page 5 of 15

Figure 2 compares the approximated BER curves with

true BER curves for O'TA s /O’n 75 =° dB, UT Ra /on R, =0
dB, GTBR /anRA =10dB, aT Rs /onRB_IOdB Py=Pp=1,
and § = 0.1 and 0.3. As shown, the approximated BER
values are in good agreement with the actual values; par-
ticularly in the high SNR region. Notably, the BER of U4
has a diversity gain of two, whereas that of Up has a diver-
sity gain of one. The lower diversity gain of Up arises since
it only uses a link to transmit signals.

3 Optimal power allocation

3.1 Optimization of power allocation

The previous section has analyzed the BER performance
of the primary and secondary users in the considered
overlay CR network. Observing the analytical results in
(5) and (15), it is seen that the BERs for Uy and Up are
closely related to the transmitted power, i.e., P4 and Pp
and the SC power allocation factor . Taking the BER as
the benchmark of the provided QoS, this section proposes
a strategy for determining the SC allocation factor which
minimizes the total power consumption of the two users,
P4+Pg, while simultaneously achieving P, 4 < BER4 and
P,p < BERp, where BER4 and BERg are the predefined

BER

0 5 10

Fig. 2 Comparison of approximated and true BER curves <GT2A W/nr, =597, 8, /905,

15 20 25 30

=0,07,,/008, =0F,3,/0p, = 10dB, Pa = Pg = w)
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QoSs of the two users. The optimization problem can thus
be formulated as

(P1) min P4 + Pp
Py,PB,8

s.t.
Pe,A < BERA; Pe,B =< BERB;

P4, Pp>0,0<8<05. (18)

As shown in (5) and (15), the optimization constraints
have the form of non-convex functions. Thus, the optimal
solution of (18) is almost impossible to obtain, even when
using numerical methods. Thus, to facilitate the optimiza-
tion process, P, 4 and P, p are replaced respectively with
T’e, 4 in (16) and ﬁe,B in (17). The optimization problem can
then be reformulated as

(P2) min P4 +Pg
Py,Pg,8

s.L.
P4 < BER4

~

Pe,B < BERp

P4y, Pg>0,0<8<05. (19)

The optimal solutions of the proposed optimization (P2)
can be sophisticatedly solved though it is still not convex.
We have to mention that the proposed approximations
(16) and (17) are conservative approximations meaning
that the approximated BERs are the upper bounds of
the true BERs, and consequently the QoS requirements
are always satisfied. Moreover, the BER approximations
are tight when the channel quality of the link T4-to-
Ry or Tp-to-Ry4 is favorable, or equivalently the QoS
requirements are assumed to be moderately low. For

. ) _ 4 2 2 2 _
brevity, define n, = 0,2, 0, 1,/ (16UTA:RAGTA,TB>’ np =
4 2 2 _ 4 2 2
O,/ (16C’TA,RA"TB,RA)’ Ne = Our,Onr/ (64‘7TA,RA
2 2 _ 2 2 2 2 —
07, Ts%Tp.Ra )» 1d = O 13OmRs/ (16"TA,TB°TB,RB>' Ne =

2 2
On,Rp / (4GTB,RB) ’

ga(®)

P:
A 3
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To optimize (19), we first notice that T’e,A and 133,3
are monotonically decreasing with increasing P4 and/or
Pp for any fixed §. Hence, the minimum total transmit-
ted power (P4 + Pp) can be achieved solely with IN)E,A
and D,p being satisfied by the minimum requirement
of BER, ie, P,y = BER4 and P,z = BERs. With
these two equalities, (19) can be solved by optimizing
the parameter § only. Specifically, with T)e,B = BERp, we
have

Nd Te Nd
+ - = BERp.
PaPg ' Py(1—28)2 PaPp(l— 28)> B
(20)
Here, Pp can be alternatively represented by
Py = Nd + Te _ Nd .
P4BERp  BERp(1 —28)° P4BERp(1 — 26)
(21)

Substituting (21) into the equality, P,4 = BER4, with
some straightforward manipulations, it is shown that

31— 25)2)) »
8 A
BER 3(1 — 26)2

+ B¢ 1+ ( ) . Na P4
BER 47, 8 BERy4

Nald
BER4 7,

Nd 2 BERgn;
P = (1—-28%-1)— 1+
4 (ne( )~ BErgn.

+

(1-@1-28?%=0.
(22)

The closed-form solution of P4 corresponding to (22)
has the form [23]

: (gA<6>gB<8) O gc(5)> ~ (gA<5>gB(8> A gc(5)>2 N (ng) ~ gi(&)s
\

(23)

+
\ 6 27 2 6 27 2 3 9
L (200 80 ec®)) | (2a®2®) &GO g ’ L (e _G® ’
6 27 2 6 27 2 3 9
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where
_Md .y oo2 1\ BERp 3(1 —268)2
ga@®) =" (1-29)"-1) %m%( ; )
(24)
_ BERgn. 3(1 — 28)2 Na
8©) = R e (1 T ) T BER, 2
and
() = ﬁ (1-(1-28)). (26)
To simplify (23), define
8) gp (8 3.8 8
fQ(S)ng()6gB()—gA2;)—gC2() 27)
and
) 2.8
foy = 8D 80 (28)

(23) can then be reformulated as

__7+\/f +\/fQ+fR \/fQ+fR —fo- (29)

Here, we checked thatfé ©)) +f1§’ (8) <0and fz (8) <O.
Thus, (29) can be rewritten as

Py =—-=" +\/f + fQ +fR \/ —~fo+ fQ +fR)
. ( -3 +f1§’)) (cos 30 +sin 30
+ <6f5 _ <fQ2 +f1§)> (cos %9 —jsin ;9)

1
= —‘%A +2y/—fr () cos ge

(30)

Jfa(8)
—fr(8)
—fr(8) cos %9 are both convex in § €[0,0.5]. Thus, P4
is convex in § €[0,0.5]. It is noted that (23) has only one
solution which satisfies both constraints since the other
two solutions either contradict the basic power assump-
tion or the BER constraint, i.e., P4> 0 or IN)eA > 1,
respectively.

_ 840
3

where cos§ = . It can be shown that and
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From (20), Pp can be reformulated as

p 1 <77d Ne Nd )
B = N 2~ 2
BERg \ P4 (1 —28)%2 P41 —26)

1 nd 1 Ne
= S | e
BERj ( <(1 —26)2 ) - (1— 28)2>

1 Nd Nd 1
= S+ e = o0 —
BERp | P4 Py (1-29)
2 2
_ (I;,RB (1 n,TB >>0
4JTBvRB 4PA0TA s -
(31)

From the last equality, it follows that n, — Z—j =

n,Rp _ nTg . :
- ( 4PAU%A,TB). Notably, Pp is convex in § €
2
0,
[0,0.5] for any given Py> - 2B

TA Tp

Finally, by adding an auxiliary variable ¢ along with
the results in (30) and (31), (19) can be rewritten as the
following optimization problem:

. Na Ne Nd
P3) min —+ - +1t
(P3) ts BERg ( o (1-28% t1- 25)2>

s.t.

—g% +2J—/x(3) cos %9 <¢

0<6=<05

2
O—Vl s TB

<t (32)

2
407, 15

where g4 (8) and fr(8) are functions of § expressed in (24)
and (28), respectively. The problem formulated in (32) is
essentially a convex optimization problem. Thus, the solu-
tions of P4 and § can be obtained via numerical methods,
such as the simple steepest descent method, while Pp can
be obtained via (31).

3.2 Iterative approach

The previous subsection first simplifies the optimization
problem (P1) to (P2) with two equalities (733,,4 = BERy
and ﬁe,g = BERp), and finally presents the compact results
in (P3). In this subsection, we intuitively provide an alter-
native approach to solve (P2) suboptimally. It is clear
that when any two parameters are fixed as constants in
(P2), the problem becomes a convex and only the residual
parameter has to be optimized. Thus, we can divide (P2)
into the following three problems.
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(P4 —1) minPy
Py

s.t.
P4 < BER4

P,p < BERp
Py >0

(P4 —2) minPp
Pp

s.t.
P4 < BER4

P.p < BERp
Pg>0

(P4 — 3) msin 8
S.t.

P4 < BERy

~

Pe,B < BERB
0<6<05.

(33)

(34)

(35)

Since (P4 — 1)—(P4 — 3) are convex problems, we can
iteratively solve the solutions through the cvx tool [24]. It
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is noteworthy that the iterative approach can essentially
obtain a local solution and is sensitive to the initial condi-
tion, while the proposed non-iterative approach has only
one local solution which suggests it is also a global solu-
tion. Thus, it is expected that the performance of the non-
iterative approach is superior to the iterative approach.
More discussion is provided in the following section.

4 Simulation results

This section evaluates the performance of the proposed
power allocation method under realistic overlay CR net-
work conditions. In performing the simulations, it is
assumed that all of the channel links suffer fading with
independent and identically distributed (i.i.d.) Rayleigh-
distributed amplitudes. Let ar%TB = Oupy = Our, = L
BERy = 1073 and BERg = 5 x 1073. Furthermore,
let three levels of channel quality be considered,

namely (0%/4,1?,4’ U%A,TB, U%BvRA’ O’%B,RB) = (0,5,10,10),
(0, 5,20, 20), (0,10, 30,30) dBm. For convenience, let the
three cases be referred to as case 1, case 2, and case 3,
respectively. Figure 3 shows the results for the variation
of the power consumption with the power allocation fac-
tor. Note that the circles represent the solution obtained
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Fig. 3 Variation of total power consumption with power allocation factor § given different channel conditions (052 =1, Urg,Tg = %Z,RB = ajRA =1,
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using the proposed method. It is seen that the circles are
coincident with the point of minimum total power con-
sumption in every case. In other words, the optimum §
obtained in (32) coincides perfectly with the numerical
results. In addition, it is observed that the total power
consumption in case 2 is less than that in case 1 since
the channel quality in case 2 is better than that in case 1.
Finally, it is seen that a larger value of § results in a higher
O’%B’RB. This result is intuitively reasonable since when
O’%B,RB increases, BERp is more easily satisfied, and hence
a greater amount of power is allocated to Uy, in the SC
scheme.

Further simulations were performed to investigate the
variation of the total power consumption associated to
the fixed power allocation, the iterative approach, and the
proposed design. Let G%A Ra Jo2=0dB, G%A,TB Jo2=15dB,
07 rs/On = Ofyr,/0n = 0p/og, 8§ = 01,02, 03,
0.4. Figures 4 and 5 show the results obtained for the
total power consumption and the resultant BERs of Up
and Uy of the proposed design, respectively. As shown in
Fig. 4, for a given §, the power consumption decreases as
8 decreases. This result follows intuitively since the sig-
nal of Uy is potentially conveyed through two links, i.e.,
T4-to-Tp-to-R4 and T4-to-R4, whereas the signal of Up
is transmitted through only one link, i.e., T3-to-Rg. Due
to the fixed channel quality of Tp-to-Rp, Tp is able to
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use approximated constant power consumption to main-
tain the BER at Rg. A smaller value of § indicates that Up
offers a lower level of assistance. Thus, the power con-
sumption at 74 must be increased, and hence the total
power consumption also increases. Since the optimum
value of § is obtained by the proposed SC allocation fac-
tor strategy, the minimal power consumption can also be
obtained. The iterative approach performs worse than the
proposed design since the iterative approach is a subop-
timal method. Figure 5 shows the resultant BER corre-
sponding to the proposed design (the curve related to the
optimum §) in Fig. 4. The results confirm that the resul-
tant BERs are consistent with the required QoS constants.
Since § represents the power allocated to U4, the power
of Uy must be increased to enable R4 to conduct MRC
when § is small, which ensures that R4 satisfies the QoS
constraint.

A final series of simulations was performed to inves-
tigate the power consumption given different chan-
nel link qualities and QoS constraints. Let BERy =
BERp = y. Four different link qualities were considered,

namely O‘%A’RA,O'%A,TB,O'%B’RA,O’%B,RB> = (0,5,10,10),
(0, 5,20,20), (0,10, 20, 20), (0,15,30,30) dBm. As shown
in Fig. 6, for a given link quality, the power consump-
tion increases with a decreasing BER. Furthermore, for
a constant BER, the power consumption given a channel
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Fig. 4 Total power consumption as function of power allocation factor (§ = 0.1, 0.2, 0.3, 0.4), the iterative approach, and the proposed design.
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link quality of (0, 5, 20, 20) is almost identical to that for a channel link quality of (0, 10, 20, 20). However, for channel link
qualities of (0, 5,10, 10) and (0, 5, 20, 20), a significant difference in the power consumption is observed. These findings
are to be expected since, in the former case, only link T4-to-T5 has a good channel quality. As a result, the power of
Uy is decreased, while that of Up is potentially increased under the SC scheme. By contrast, in the latter case, both
links Tg-to-R4 and Tp-to-Rp have favorable channel quality. Consequently, the powers allocated to U4 and Up are both
decreased, with the result that the total power consumption is also decreased.

5 Conclusions

This paper has considered the problem of optimizing the power allocation strategy in cooperative spectrum-sharing
cognitive CR systems. Given the use of a SC scheme at Tp, analytical expressions have been derived for the cor-
responding BERs at R4 and Rp. To determine the optimal SC power allocation factor, two more tractable BER
expressions have been proposed for U4 and Up. The allocation problem has been formulated as an optimization
problem in which the aim is to minimize the total power consumption of the two users while simultaneously sat-
isfying their BER constraints. Notably, the proposed BER approximations enable the optimization problem to be
expressed as a convex formulation amenable to numerical processing. The simulation results have confirmed the abil-
ity of the proposed power allocation strategy to achieve the optimal power distribution over a range of realistic CR
conditions.

Appendix A: Derivation of 5e,A
The second term of (11), denoted as IfA, can be computed as

o0 o0
0 [ [ P ) P )

AR 2 2
xe TaRa  'TgRy d’hTA,RA| d|hTB,RA|

%) P 2 ,
1 Z/ Q 2 7BUZTB’RA (m + (—1)/\/§>2x e Ydx (36)
0

2 j=0 Ry
=E713,r4 ()
2
00 Pyo
T4,R _
X / Q sy e Vdy
0 UVI,RA

where x and y are exponentially distributed random variables with unit mean. 87, r, (j) is further defined as

P302 . 2
Erp0, () = #(«/1 — 5+ (—1)/«/§> . (37)
Yl,RA

The Q-function can be expressed as [22]

ax

Q (m) _1 /O P do, (38)

g

(36) can thus be formulated with (38) and its upper bound obtained, i.e.,



Lin et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:249

R 1
= 72

1 1 (3 sin%6 1 (3
=527 2= %
2 4 o7 Jo sin 0 4+ E1p,r, () T Jo

N
[=}

—

}:
1 i .2 s .2
1 1 [z sin“f 1 [2 sin%g
2 ©
PAUJAvRA . =0 T Jo S Tg,Ry (]) T Jo
Jn,RA

_1< 1o, 1 )1 TRy
8 \E73r,(0)  Erpry(1)/) 4 Pac? o

o4 1

H,RA

0 1 % _ETpRy 0
/ —/ e s dle *dx / /
T Jo

Pyo2
A9T 4 Ry

e dheVdx

= 2 2 ) 2
32PBPAOT, p 0Ty R, ( 1—s —8+(—1)/«/§>

4
_ Gn,RA 2
32PBPA072~A,RAO'72~B’RA 1 —28)2

The first term, denoted as 15“, can be obtained as

_ |hTAvRA‘

o
R
IZA - / / PI%AI MRO) (hTAvRA’ hTB,RA) e a4

e,SB

(VI=5 4+ (-1/Va)

Vighs d|hTA,RA | d|hTB,RA |

/ / PRA’ hTB,RA)Pé??/;I(MRC) (hTA»RA’hTBvRA)d|hTAvRAlzd}hTBvRA‘Z

0o roo PAU% X PBO'% R ) o
= / / Ql |2 A —— e *Vdxdy
0 0 Gn,RA OH,RA

00 0 1 1 P (72
‘/0 /o 3 2 Q(V2E R x)Q 2(
j=0 )

PAUTA RAx PBUTB Ry 8y
2

1 nRy
/ / / / sin20 dee
oo poo 1 r% L Erpry 0% 1
_/ f */ Doe T dey |-
T g
o Jo 0 25
Pyo R PBOYZ—- R

1 0 poo —| 52541 ) oo —| = B"‘; +1

_ - / e on,RAsm (4 dx/ e (rn,RAsm 6

0

2 .
P o)
_ AT, Ry L+ ZTBRy 0
sin26y 02 sin26
§ 29u,R A 1

N =

0 0

PBO'%B,RAyS

2 2
Pyo. x Ppo &
A%T7,Ry " BoTp,Ry ™

% _ Ry Ry
/ e sin6y dOre ™ Vdxdy
0

2 2
P, 8
BUTB,RA

) -
o Ry sin2 )

) e Vdxdy

Page 12 of 15

(39)

(40)

(41)

(42)

(43)



Lin et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:249

Page 13 of 15

sin%0 sin%0
s o,
Pyo BO
sin%0 + TA *4 sin%0 + &
nRA an,RA
. (44)
1 1
_11 / / Z d6d6
Paot T Ry Ergry () +1 Pp TBRA‘3 +1
sm2920n R sinZ6; o2 4 sin%6
1 /’5 sin20  sin0 3 O R, )
~ Do Posol =7z 2 2 :
0 Dy LSZTB'RA 16 PAPpdoT, £,07s R,
(Tn,RA O-n,RA
. . . . . . . PaoT, r Pgot, o
Note that the approximation given in (45) is followed by ignoring the second term of (44) whenever —54=4 or —; 84
n,RA n,RA
approaches infinity, i.e.,
1 1
PaoF, & Ergry () Pgog, p.8
AA BA +1 BA + 1
sin29203,RA sin291 D’ZRA sinZ6,
1 sin%0,
< > > — 0. (46)
. [ PaoT, R, ~\ PBOrgR,S
min | —*=%, Bryr, () ) —2
Uﬂ,RA Un,RA
Combining (39) and (45) gives
A ~ R4 Ry
Pgé‘A (RA,S) ~ LY+
4
0 1 3
_ n,Ra ( 5 + 8) (47)
© 16PAPgo2, 4 02 5 \(1—28)
Similarly, Pf g‘;{[ can be asymptotically approximated as
oo PAO'2 X
Al Q TpRa %4
eSa 2 x
0 Gn,RA
PAUT Ry
o 1 % _02 Asiné(') —x
= — e "RaT 7 dbe " dx
o TJo
pis
1 (2 sin%6
= —
AO
O sin20 + —jafa
Gn,RA
- / N e (48)
wJo  Pact p, 4PA(772~A R4
gn,RA
and Pe 5, can be also approximated as
z 2
Ty _ 1 [2 sin“¢ ”m
A Ppo?, 1
O sin2¢ 4 ——4l8
an TB
s ) 2
1 2 sin“g Gn,TB
T Jo Paot,r, 4PAOTA,TB

2
(Tn,TB



Lin et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:249

Finally, substituting (47), (48), and (49) into (11), we have
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which completes the proof of D, A-

Appendix B: Derivation of 5e,3
Similarly, Pf fé” can be asymptotically approximated using the derivation in (48) as
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Endnotes

!t is noteworthy that dirty paper coding (DPC) may be
applied at T to convey s4 and sg which is theoretical
optimal in a 2-user SISO Gaussian broadcasting channel
system [25]. However, DPC relies on the perfect channel
state information to achieve optimal performance and is
vulnerable to channel estimation error. Thus, DPC is not
considered herein for it violating our economic scenario
where only the statistical channel variance is required.

%If sp is not detected in advance, a MRC operation can
not optimally be adopted to facilitate the design of power
allocation.

Abbreviations

BER: Bit error rate; CR: Cognitive radio; DF: Decode-and-forward; DPC: Dirty
paper coding; MRC: Maximum ratio combining; QoS: Quality-of-service; SC:
Superposition coding.
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