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One time slot

Abstract—In underlay cognitive radio networks, unlicensed

secondary users are allowed to share the spectrum with liceed Primary X, PT—2-»PD, if D=0
primary users when the interference induced on the primary transmission | [T = R&PD o, (-0,
transmission is limited. In this paper, we propose a new coop RfﬂjifD&SD
erative transmission scheme for cognitive radio networks Wwere Secondary ST—> » R&SD e

a relay node is able to help both the primary and secondary transmission ST—»$D, if D=0
transmissions. We derive exact closed-form and upper bound > >
expressions of the conditional primary and secondary outag 1 sub-siot 27 sub-siot

probabilities over Rayleigh fading channels. Furthermore we

proposed a simple power allocation algorithm. Finally, usag nu-  Fig. 1. lllustration of the transmission using the proposeieme in cognitive
merical evaluation and simulation results we show the potetial of ~ radio networks

our cooperative transmission scheme in improving the secaary

outage probability without harming the primary one.

improved compared to non-cooperative access.
Most of the previous research activities that investigated
Cognitive Radio (CR) is an interesting technology that akooperative diversity in CRNs has considered assisting the
lows the access for unlicensed secondary users to comni@niggimary transmission or the secondary transmission ané non
in parts of the licensed spectrum bands when they are r@tthem considered assisting both the primary and secondary
in use by the licensed primary usefs [1]-[2]. Cooperativgansmissions simultaneously. In this paper, we propose a
diversity, proposed and studied inl [8]-[5], has the advg@tanovel cooperative scheme whereby a non-cognitive relag nod
to improve the spatial diversity order when one or many relaelps simultaneously the primary and the secondary traasmi
nodes participate in the communication. sions, taking into account the existing interfering linlketveen
Integrating cooperative diversity within CR led to newhe primary and the secondary transmissions. Since primary
research interests such as cooperative spectrum senpmg6 and secondary transmissions will benefit from the proposed
cooperative transmission [7]-[10] in Cognitive Relay Netks cooperative transmission scheme, the relay node may ber eith
(CRNs). In[6], the authors showed the importance of coopera primary or a secondary user.
tive diversity to circumvent with the hidden terminal pretsl. The main advantages of the proposed cooperative scheme
The authors in[7]:[8] assumed that a secondary user carsachge to avoid completely the interference between the pgimar
a relay node for primary transmissions. The main benefits &8d the secondary transmissions and to overcome power
reducing the delay of the primary transmissions and inimgas constraints when using the relay node.
the access opportunities to the licensed spectrum bantidor t The paper is organized as follows. Section Il presents the
secondary users. In ][9], the authors proposed a cooperaty@tem model. Section Il details the proposed cooperation
scheme where the secondary transmitter sends the primgMeme, the outage probability analysis and the poweraalloc
signal along with its own signal without affecting the prirpa tion problem. Section IV presents and discusses the nuaieric

outage probability. The authors derived a critical dis&nGyaluation and simulation results and finally, a conclus&on
between the primary and the secondary transmitters fortwhigrovided in section V.

some given fraction of the transmit power is chosen at the
secondary transmitter to forward the primary signal. As a
consequence, the primary outage probability is respectdd a
a secondary access is achieved. Cooperation among segondaWe assume a cognitive radio network where one secondary
users has also been studied. [ni[10], the authors proposethsmission can coexist with a primary transmission at the
a cooperative scheme where a secondary user is optimame time and on the same frequency band. A relay node,
selected to act as a relay for an ongoing secondary transntigt belongs either to the primary or the secondary network,
sion leading to the secondary outage probability signiflgan can assist both the primary and secondary transmissions. We

I. INTRODUCTION

Il. SYSTEM MODEL
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denote by PT, PD, ST, SD and R the primary transmitter, prithere

mary destination, secondary transmitter, secondaryrdsiin 1 I |2
and the relay node respectively. Without loss of generaliy A, = {—1og2 (1 + M) >R, }
assume that R is a decode-and-forward relay nbde [3]. 2 il |* +1

During one time slot, PT and ST send different symhgjs B - {llOgg (1 . |2) > R}
and z, respectively, with energ¥{|z,|?} = E{|zs|*} = 1, ' 2 R
using transmit powers;, and P; in order to achieve data rates, c, = {%IhiTIQ > thz} 7

R, and R, respectively. We assume that the channels between
different nodes are Rayleigh fading channels and are s&t0 wherei =p or s andi = s if i =p andi =p if i = s.

during a time slot. If D =1, PT and ST remain silent and R allocates a fraction
of its powera P, (0 < o < 1) to send the regenerated primary
signal and the rest of its power, i.6l — «)P,, to send the
[1l. PROPOSEDCOOPERATIVE SCHEME regenerated secondary signal in the second sub-slot.
If D = 0, then R remains silent whereas PT and ST
A. Description retransmit the same signal in the second sub-slot. Firally,
(and SD) combines the two received copies of the primary
The proposed scheme is illustrated in Fih. 1. Each time sk§€condary) signal using Maximum Ratio Combining (MRC)
is divided into two sub-slots. In the first sub-slot, R reesiv and estimates the original signal using Maximum Likelihood
and attempts to decode the signals transmitted by PT dpgtection (MLD).
ST. Practically, a Successive Interference Cancelatid€)(S In the second sub-slot, two possible cases may occur. When
receiver could be used at R to detegtandz, [11]. Hence, D = 0, the signal received at SD and its corresponding SINR
decoding proceeds over two stages. In the first one, R decodes given respectively by:
xp, While treatingzs as an interfering signal. The achieved

primary Signal-plus-Interference-to-Noise-Ratio (SINR R ys(2[D=0) = v P5h55x52+ V Pphpsty + s, (6)
is % where p, s and r stand for primary users, SINR(D=0) = M (7)
secondary users and relay respectively= P,/Ny (a = p, s Tolhps|* +1

or r) is the Signal-to-Noise Ratio (SNR)Y, is the variance WhenD = 1, R assists both PT and ST. The received signals
of the zero mean Additive White Gaussian Noise (AWGNjt PD and SD are then expressed respectively by:

received atb and denotecdh, (b = p,s or r), and hy, is the
fading coefficient of the channel from to b with variance yp(2ID = 1) = VaPrhpzp + v/ (1 = @) Prhrps + 1, (8)

2
oz, In the second stage, R can subtragfrom the aggregate J2|D=1) T a)Pohyatrs + \/aPrhaty + s, (9
received signal and then decodes The secondary SINR at @ =Vi-a)P \ P C)

R is hencey,|hs.|?. A similar mechanism can be used if R Using [1) and[(B) with MRC and3) anfl(9) with MRC,

starts by decoding;,. the SINR at PD and SD can be respectively written as:
The received signals at PD, R and SD during the first sub- ) Vol oy @Yy |hrp|?
i i : SINR,(D =1) = i
slot are respectively given by: p( velhplZ+1 T (1= o)y g + 1( 0
v(1) = VPhppap +/ Pshspas + np, @) g Vs|hss|? (1 = a)yrlhys|?
w(D) = VBohyety+VPihastne, (@ SINED =1 = e e Y

ys(1) = VBshssts +/ Bplysty + ns. ® B Outage Probability Analysis

We assume that the secondary transmit poweris calcu-
lated to satisfy a certain primary outage probability thrdd
denoted:. Hence,P, can be written as[([10],eq.(5)):

In this section, we derive exact closed-form and upper
bound expressions for the conditional primary and secgndar
outage probabilities for the proposed cooperative schékme.

Pyo, shall use the following Lemmas.
= (@) g
P-ep Lemma 1. The probability of D = 1 is given by:

7%(?2 P(D=1 Ypr — 32— Vsr —Ms_Ap

+ = = & PP _ o Ry, _ = = — Ypr  Ysr + — Ysr ’_Yp'r’
wherep maz | 0, p T 1] and©, =2"» —1. ( ) ”Ypr-i-’ysre %T_F%Te )
The participation of R on the communication is indicategihere 5,, = ~,0 2 (@a=p,sorrandb=p,sorr),A,=
by a parameteD calculated as indicated beloWw [11]: 2Ry 1, Ay = 228 — 1 and M; = maz (A;(1+ A3), A7)

If {4,NB,NC,} U{A,NB;NC,}, then D=1, Withi:porsandi:sifi:pandi:pifi:s.
otherwise D =0(5) Proof: Since {4, B,NC,} and {A; N B, NC,} are



independent, then

P(D=1)

i={p,s}

- 3

i={p,s}

The random variableh,,|*> has an exponential d'St”bUt'OnandPp”(outage|D = 1) is given by ).

with parameter /o2, thus we get:
P(CZ) = _ 7ir~ 7
Yir + Vir
and sincelh;,.|? and|h;,|? are independent

P(AiNBi|Cy) = P(yilhir > Ai(1 4 A7)

Z P(AiﬂBiﬂCi)

and

dx

~ ~ T 1 1
FssHAsTps o Fps (55-5%)
Iy = S —
x

ss

can be calculated using the mathematical tables in [[12].

Proof: If a =0, SINR,(D =1) = Vplhpp|®

Yslhspl?+1
D h’PT—’

If a=1, SINR,(D =1) = el b oyl |

(14) and P,,;(outage|D = 1) is expressed by:

P,i(outagelD=1) = Plv<A,—w) (19)

_ ‘/’ Fulw /" " o )dudu,

B, 12 _ e |2 N
;D(d T;Jhrz”' }A)Z;?d |;:Z|}|L;T| i ;\1) wherev = 777|ph|h:|%‘il andw = v, |h,,|*. We have:
= Yillir|© = M) P(v;|hi|” = Az o
M Ap—w 5 o
By combining [I#) and[{15) in((13), we obtaih {12). This 0 wr P "
completes the proof of Lemnfia.1. m 'hen
Ap
Pyi(out D=1)=1—¢ 7 21
The probability of retransmittinge, and z, by PT and A pri(outage] ) ¢ (1)

ST respectively in the second sub-slot D
— P(D = 1). The received SINR at SD is given byl (7)
and the conditional secondary outage probability can bergiv

by ([10].eq.(21)):

Psec(outage|D = 0) = P(SINR; < As) =

If D =1, only the relay node transmits in the second sub-
slot. The received SINR at PD and SD are given byl (10)
and [I1) respectively. The outage probabilities depend,on

~ _As
29ss€ Piss
2955 + Asﬁ/gs

_Ae .
=0) = Vpp€ TP /VPPJ“A”SPl e (1
Y

+)
—— —e 7Tsp Yrp  pp dsp7
VspYrp Fop ¥

where we performed a variable change = 74, +
(Ap — w) Asp. Hence,P,,;(outage|D = 1) is given by [17).
Similar calculation can be made to pro{el(18). This complete
* the proof of Lemma&l2. [

Finally,the secondary outage probabili#,,.... can be
written as ([10],eq.(28)):

Pout... = P(D = 0)Psc.(outage|D = 0)
+ P(D =1)Pscc(outagelD =1). (22)

the fraction of . to be allocated to transmit,, and can be

calculated using the following Lemmaé 2 dnd 3.

Lemma 2. If « = 0 or « = 1, R allocates all its power to

Lemma 3. If 0 < a < 1, then the conditional primary and
secondary outage probabilities are upper bounded by U, and
U, respectively, given by:

transmit only one signal. Then, the conditional primary and 7%_1; A
s . . Ypp€
secondary outage probabilities are given by: ’ . L= 2=, S v W (23)
p = e A
Ppri(outage|D = 1) = (17) (1 _ % (1 —e "YTp(a(lpa)Ap)) , « > 14[}?\
7./\_p pPp P Isp P
Appe PP . o
s v ifa=0
_Ap ,ﬂ(;,;) . L A
L—e 7 (14 22— 7 \To )T, ), ifa=1 1 — e 7t a> e
spirp Vss sYps’
U, = . "4
L T . (1 —e€ W5(17‘17“5)) , o<
Psec(outage|D = 1) = (18)

_As —Zes (L L) .
1—e Frs (1+ dss o7 ps \Frs T FS), fa=0

YpsVrs

] — Jase Jes
FssFHAsAps’

where

X

- - x 1 1
Fop+ApTsp evsp (ﬁw _m)
r,= | e M g
5

pp

Proof: Using [10), the conditional primary outage prob-

. ability when0 < « < 1 is given by:
ifa=1

Ap Ap—z
&4wwMD:U:A ﬂ@A fol@)dadz, (25)

2
Yplhppl

whereq = ThholE

andz = oy |y |

W . Slml|al‘|y to



TABLE |
ae AND U VERSUSE

S éo‘oo‘o‘oo‘oooo(‘)o o

¢ || 0.04 ] 0.05] 0.06 ] 0.07] 0.08] 0.09 waiiigigggﬁggZooo

a. || 0,488| 0,489 0,489 0,488| 0,488 0,487 ol O\ O o o ° g o000 g2 e

U7 | 0,021] 0,016] 0,012| 0,01 | 0,009| 0,007 T A e e

; N
KRR RN

(20), we obtain: EE R

Ap—2z - —A:YP*Z o4r 3 Oeg‘ o 0 0

P PP 9

J R e AL P ORI § b7 SR

0 Fop + (Ap = 2) Tsp BSVESESRERR:
wherez is a random variable that is a function of 2R EEEREEE
w = 7,|hyp|?. Let g be the function given by: oty % % % % % % % % %

aw 0 : : : : : : : : :
z=g(w) = A—awil (27) S R A eyt S
The probability density function of is given by:
1 Fig. 2. R, and R versusa
f(z) = mfw(g_l(z))
i CE e R A - :
__oae Vo< @ (28) The case ofa < A, IS not considered smcéf,, does
(a—(1—a)2)> Ay 1—a not depend ona and v,. When U, = ¢ in (33), the

. _ . associated value oft, a. and U.(a.) can be obtained as
Substituting [[26) and.(28) i_(25), we obtain: shown in Tabldll. We choose arbitrarily,, = 0.4bits/s/H z,

min(Ap, 125 R, = 0.2bits/s/Hz, v, = 20dB and~, = 10dB. We assume

Pyri(outage|D = 1) _/0 fa(2)dz (29) also thate? — o2, = 012” = ofp =02 =02 =1,and

min(h =2  ap: o’ =02, =0.1. Ase is less severe, more power is allocated
_/ e to sendz, and thusU! is improved.
0 ? Aop + (Ap — 2) sp Furthermorel/, andU, depend onR,, Rs; and«. In Fig.
Let m = min(A,, 2= ). Since0 < z < m, then: [ZZ we iIIus_trate the relatiqnship between these parameRers
e gions 1 (circles) and 2 (diamonds) correspon@jda, v,) and
e A%’pz ~ e—%—i Us(a, 7,-) respectively. In other words, adequate valuesvof
e — < (30) and~, could improveP,,,,, . and/orP,,,... in these regions.

Top + (Np = 2) Tsp op + Apap But, sinceU, should respect and since we aim to improve
Combining the expression of. and the upper bound af {7/, the common region for regions 1 and 2 is the best choice
into (29), we obtain the upper bourld, given by [28). A (circles+diamonds). Hence, our proposed scheme performs
similar proof can be used fof_(R4). This completes the propést whenR, < 0.5bits/s/Hz and Rs < 0.5bits/s/Hz.

of Lemmd.3. B Fig.[d can also serve as a reference map to optimally choose
ConsequentlyP,..... is upper bounded by/! that can be « or R, at fixed R,. For instance,(R,,a) = (1,0.76)
written as: corresponds t®, = 0.2bits/s/Hz and(R,, Rs) = (0.4,0.2)

t 0.43,0.75].
U. = P(D = 0)Psec(outage|D = 0) + P(D = 1)U,.  (31) oac€]| , ]

S

. IV. NUMERICAL AND SIMULATION RESULTS
C. Power Allocation

In this section we evaluaté,,;, . using the proposed
cooperation scheme based 6nl(22) dnd (31). We also compare
minU! st U, <&, V0O <a<l. (32) it to the non-cooperative scheme and to the relay-assisted
r secondary user scheme proposed[inl [10]. We assume that
We make use of a simple suboptimal solution that consists@f= 0.03, R, = 0.4bits/s/Hz and Ry = 0.2bits/s/H z and
extractinga (0 < a < 1) as a function ofy, andU, from we denote by, = o2, = 07, anduy = 02, = o7,.
(23). HenceY o > 11‘; In Fig.[3 we assume; = us = 1. The relay-assisted sec-
i ondary user scheme and the proposed scheme provide better
outage probability performances than the non-cooperatieg
(33) with a preference for the proposed scheme. Siace- 112 =
1+ 4, Arp _Ar ) 1, it is more likely that R will transmit in the second sub-

Yppe PP

1- = slot and thus improves on the average the outage probability

We formulate the power allocation problem as follows;

—1




10° o4 bbb 10° ¢

T T
- - u1=1; p2 =0.2

T T
Non-cooperative (anal.)
Non-cooperative (simul.)

= A - Relay-assisted secondary user (anal.)

® Relay-assisted secondary user (simul.)

Proposed (anal.)

®  Proposed (simul.)

—e—1,=1;1,=0.6
=AU =L, =1
—— 170611, =1

u1=0.2; H, =1

10

i
[S)
S
T
i

107

Secondary Outage Probability
»s
Secondary Outage Probability

o

i
o,
T

A A=Ay s A A A

10 "¢ 7

107 i i i i L e e 0 5 10 15 20 25 30 35 40

0 5 10 15 20 25 30 35 40 Y, (dB)
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of the secondary system with respectsoHowever, when - o -HTLOE,

R helps ST only, it causes an important interference on F 1 +ﬁ122$1

(#1 = 1). Moreover, all the schemes present a cut-off poir 6l |

at v, = 12dB below which no secondary transmissions ar

allowed [10]. i ]
We see that the numerical results match the simulation or 1 1

for the non-cooperative and the relay-assisted secondaay L
scheme and upper bound the ones for the proposed sche
This gap between the numerical and simulation results fer t 12f
proposed scheme is explained by two factors. First, we geovi
an upper bound folP,,; Second, to getv and v, in the

¥, @8)
5
:
;

sec”

power allocation problem, we use an upper boundfgy; ,. .. 1o Fdiiin st din i i da i il
In Fig.[4 we illustrate the numerical results Bf,;,., versus ol / |

~p for the proposed scheme at fixadunder different channel /

conditions. We see that whem, = 1 and p; decreases, ST 20 2 %0 % a0

. " d
P,.+.,. drops off. However, at fixedh; = 1 and decreasing % ®

w2, Pout,., degrades. We see that the condition of ST-R and
R-SD channels has a more important impacti®p,,.. than Fig. 5.+, versusy, for different channel conditions
PT-R and R-PD channels condition.
In Fig. [, we plot the power consumed by R for constant
a. When u; = 1, the same low power is used by R forsecondary outage probability to increase rapidly (ST isnsil
any po value. Henceg is respected and no more power isn the second sub-slot). The caseck R — .43 is not

. . . .. I+,
needed. However, ag, decreasesy, increases drastically. plotted since in this scenariois not respected ank,;,,, = 1

This augmentation of,. compensates the degradation of PTfor any ~,. The results showed also that increases rapidly

R and R-PD channels in order to respedEven though this is as « drops off. The power increase balances the loss on the
an important cost on,., it provides a significant improvementpower allocated for the primary signal.

in the outage performance of the secondary transmission.

Fig.[@ shows the numerical results of the impactaobn

Poyt,..- For each ¢, ,) we search for the minimum value of In this paper, we proposed a novel cooperative transmission
~, to reache. As o decreases from 1 to 0.4B,,:... improves scheme in underlay cognitive radio networks, where a relay
significantly. Sinceu; = pe = 1, allocating more power to node is able to assist simultaneously the primary and sec-
assist the secondary users is beneficial. When 1, all the ondary users. We derived exact closed-form and upper bound

power is assigned to assist the primary users which causesdRpressions for the conditional primary and secondarygauta

V. CONCLUSION
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probabilities in a Rayleigh fading environment. Moreowee, [10]
have investigated the power allocation problem and prapose
a simple allocation algorithm. We evaluated numericallg ar, ;
by simulation our proposed cooperation and we showed the
obtained performance improvements. [12]
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