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Abstract

In this paper, we propose a cooperative multi-relay scheme for a secondary system to achieve
spectrum access along with a primary system. In the primary network, a primary transmitter
(PT) transmits the primary signal to a primary receiver (PR). In the secondary network, N
secondary transmitter-receiver pairs (ST-SR) selected by a centralized control unit (CCU) are
ready to assist the primary network. In particular, in the first time slot, PT broadcasts the
primary signal to PR, which is also received by STs and SRs. At STs, the primary signal is
regenerated and linearly combined with the secondary signal by assigning fractions of the
available power to the primary and secondary signals respectively. The combined signal is
then broadcasted by STs in a predetermined order. In order to achieve diversity gain, STs, SRs
and PT will combine received replicas of the primary signal, using selection combining
technique (SC). We derive the exact outage probability for the primary network as well as the
secondary network. The simulation results are presented to verify the theoretical analyses.
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1. Introduction

Nowadays, due to rapid increase in the number of wireless devices, spectrum scarcity

becomes a critical issue. To overcome this problem, Mitola [1] first presented a concept, called
cognitive radio (CR), to improve spectrum utilization. In CR networks [2][3][4][5][6], the
primary users (PUs) have the right to access the licensed bands at any time, while secondary
users (SUs) can only access these bands without causing interference to the primary users. Due
to the lower spectrum access priority, SUs must opportunistically sense the presence and
absence of the primary users. Once there is no transmission/reception activity of primary users,
SUs can use the licensed spectrum. An alternative model, called Property-rights or spectrum
leasing, has been proposed in [4][5][6]. In this model, PUs lease a part of the spectrum
resources to SUs in exchange for appropriate remuneration.

For the remuneration, the primary link attempts to obtain a better quality of service in terms
of achivable rate (or outage probability). It is well-known that cooperative communication can
improve the channel capacity and achieve higher diversity gain under Rayleigh fading
environment [7][8]. In conventional cooperative protocols [7][8][9][10][11], relay(s) is used to
enhance the reliability of data transmission for source-destination link. Thus, in CR networks,
the secondary users can play the role as relays and exploit a fraction of leased spectrum to
improve the quality of service for primary link as well as to transmit their own data.

Various cooperative relaying schemes for secondary spectrum access have been proposed in
[12][13]. In [12], the primary link leases the owned bandwidth for a fraction of time to achieve
the benefit from enhanced quality of service. A subset of secondary transmitters cooperates to
transmit the primary signal to primary receiver via distributed space-time coding. However, in
this proposal, the primary system fully controls the spectrum sharing mechanism. The
implementation of this model, using the game theory to optimize the achivable rate and
requiring instantaneous channel state information (CSI) of both primary and secondary
systems, is a difficult work. In [13], Yang Han et al proposed a cooperative
decode-and-forward relaying for secondary system. In this model, the secondary transmitter,
after decoding successfully the primary signal received from primary transmitter, will
combine linearly the primary signal and secondary signal by assigning fractions of the
available power. The authors of [13] also derived the approximate expressions to determine
the outage probability of the primary and secondary systems.

In this paper, we extend the single-relay model proposed in [13] to multi-relay model. Also,
in this proposal, each secondary transmitter will combine linearly the primary signal with its
own signal and then broadcasts the combined signal in a predetermined order. Each ST, SR
and PR can thus receive many replicas of the primary signal and then attempts to decode it
using selection combining technique (SC). The benefit of SC technique, compared with
maximal combining technique (MRC), is reduced hardware complexity at each receiver. It just
chooses the best signal among all received replicas for further processing and neglects the
remaining ones. In this paper, we derive the exact expressions to evaluate the performance of
primary network as well as secondary network in terms of outage probability. The simulation
results are then presented to validate the theoretical analyses.

The rest of the paper is organized as follows. The system model is described in Section 2 and
performance analysis is discussed in Section 3. In Section 4, we will show the simulation
results and Section 5 concludes the paper.
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2. System Model

In this paper, we assume that the secondary network has a centralized control unit (CCU) to
control the secondary network operations. It is also assumed that the CCU is aware of the
positions of SUs and it can select several STs from the secondary network to help the data
transmission of primary network. In Fig. 1, we consider a single pair of primary transmitter
(PT) and receiver (PR) and a group of N secondary transmitter-receiver pairs selected by the
CCU. Assume that the channels over links PT - PR, PT - ST, PT - SR and ST - SR
are Rayleigh flat fading. Each node has a single half duplex radio and a single antenna. Due to
the half duplex constraint, each transmitter must transmit on separate channels. Hence, for
medium access, a time-division channel allocation including N +1 time slots is occupied in
order to realize orthogonal channels. The CCU will assign these time slots for the selected
secondary transmitters as follows.

Secondary
Network

@ Primary Link PR

Fig. 1. Cooperative multi-relay scheme for secodary network.

Without loss of generality, we assume that ST; is nearest to the PT and STy is furthest to
PT. In the first time slot, PT transmits the primary signal X, to PR, which is also received by N

STsand N SRs. If ST, decodes X, unsuccessfully, it will keep silent in the second time slot.
Otherwise, STy will combine linearly the primary signal X, and its signal X, by assigning
fractions ¢, and 1-¢, of the available power to X, and X, , respectively. Then the

combined signal will be broadcasted at the second time slot. Generally, for ST; (13 j<N ) it

will combine all received replicas from PT and the previous STs by using selection combining
technique (SC). If it decodes correctly, it will combine the primary signal X, and its signal

X;,; with fractions ¢; and 1—05j of the available power to X and X, ;, respectively. ST;

will then broadcast the combined signal in the (j +1)Ih time slot. At PR, SC technique is also

used to decode the primary signal. Similar to [13], at each SR, interference cancellation is first
applied to cancel the primary component and then its secondary signal is retrieved.

In this paper, we assume that all the nodes (primary and secondary) are synchronized. Such
synchronization can be achieved through MAC layer control signals. However, the detail of
the medium access control policy is beyond the scope of the paper.
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3. Performance Analysis

The signal received at node j due to the transmission of node i is given by
r | :\/Eh_ X 17, @

i,
where AWGN noise 77; at the receiver j has variance N, b ; is fading coefficient between

node i and node j, X; is the signal transmitted by node i and P is transmit power. In this paper,

we assume that the transmit power is same for PT and STs.
From (1), the instantaneous signal to noise ratio (SNR) is determined as follows:

PGP o .
%,,——N—O =7Ih;l )
where y = P/ N, is average SNR.

In (2), |h; |* has exponential distribution with parameter 4, ;. To take path loss into

account, we can model the variance of channel coefficient between node i and node j as a
function of distance between two nodes [14]. Therefore, the parameter A; ; can be expressed as

21,,‘ = di,jﬂ (3)
where S is path loss exponent that varies from 2 to 6 and d, ; is the distance between node i

and node j.

3.1 Outage Analysis

We consider the secondary transmitter-receiver pair ST;- SR; (1< J<N ) Let us denote D,
as set of secondary transmitters ST; (1§ i< j) decoding successfully the primary signal.
Note that D; is a random set and the number of nodes in set D; is a random variable n, i.e.,
0<n< j-1.Assume that D; ={ST, ,ST, ,....ST, |, where 1<k <k, <..<k, < j-1;
and set of secondary transmitters decoding incorrectly the primary signal is

F ={S‘I’,1,ST,2,...,S'I',J_717”} with 1<1 <, <..<l;; < j-1. For each value of n, there

are (J - J possible sets of size n and hence, we have total 217 possible sets of Dj. Now,
n

we will calculate the probability for each set D;.

Consider node STkm (13 m < n) belonging to set D, ; it is obvious that STkm receives m
replicas of the primary signal: one from PT and (m-1) from ST, ,ST, ,...,ST, . Because
ST,, (1<g<m-1) decodes successfully the primary signal, it combines linearly the

primary signal X, and its own signal Xsk, - Therefore, the signal transmitted by STkg is given

Zer, = pr + (1—04(g ) sz,kg (4)

as
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The signal received at ST, due to the transmission of ST, is

STy STy hSTkg STy, ZSTkg + st =% PhSTkg ST, X, + \ (1_ &, ) PhSTkg ST, Xs,kg + USH (%)

I
Assume that the channel hy; o can be estimated at the primary transmitter ST, by
g’ m m

using standard preamble-aided channel estimation technique. From (5), the instantaneous

SNR can be calculated as
2 - 2
&y, P hSTkg,STkm | T, | hSTkg STy, |

Vst st = == (6)
’ (1_akg ) P hSTkg ST, [ +N, 7(1_akg )l hSTkg,STkm ?+1
In (6), it is noted that STkm must have explicit knowledge of the factorozkg . Now, the
instantaneous SNR at the output of the selection combiner in STkm is given by
Vst = Max (7PT,STk 1VsT, ST, ) (7
m 9=12,..,m-1 m g m
Therefore, the achievable rate between PT and STkm is determined as follows:
1

RSTkm = m |092 (1+ }/STkm ) (8)

where the factor of N +1 accounts for the fact that the overall transmission is splitinto N +1
time slots.
Because decoding at ST, is successful, R_ s larger than target rate R of the system.
m km

Consequently, the probability of this case is calculated by

PI‘(RSTkrn > R) = Pr(}/STkm > Z'): 1- Pr(gﬂrge)fn,l(yﬂvsﬂm ,75% ST, ) < T)
m-1 (9)
=1- Pr(?”PT,STkm < T)H Pr(VSTkg ST, < T)
g=1
where 7 =2NR _1
Relying on (2) and (3), the probability Pr(;/PT’STk < r) in (9) can be given as
Pr( Yerst, < z’) = Pr(l Ner s, < p) =1- exp(—)uPT‘STkm p) (10)

where p=7/7.
Now, in order to calculate Pr(;/STk st, < z-) in (9), we must find the cumulative density
g’ m

function (CDF) of the random variable ys; o . Indeed, using the definition of CDF, we
g’ m

have
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_ 2
V&, |hSTkg STy, |

FST ST) (Z):Pr - <Z
7Ty T 7/(1_akg )l hSTkg STy, |2 +1
0; if y<0 (11)
ﬂ“STk st A . a,
=<1-exp| - — ;o if0< yo—rt—
7(akg _(1_akg)l) (1_akg)
. oy
1 if y> :
(l—ackg )
From (10) and (11), (9) is written as
m-1
Pr(Rsk ZR):l—(l—exp(—ﬂ,PTVSTkm p)) F. . (@) (12)

g=1
We should note that for the case m =1, (12) reduces to Pr(RST > R) = exp(—/lPT‘STk p) .

Therefore, the probability for each set D; can be calculated as follows:

P(Dj):ﬁPr(RSTk >R|
m=1 "

=exp (_ﬂSTkm ,pTP) H {1_ (1_ exp (_ﬂ'PT,STkm ,0)) ﬁ F;/STkg ST (T)}

m=2

(13)

As mentioned above, corresponding to a set Dj , we have a set Fj. In the following, the
probability of each set F; will be derived.

Consider node S'I'Ib (lﬁbs j—l—n) belonging to the set F,; it is assumed that
ki <1y <k, (L<m<n). In this case, ST, receives m replicas of the primary signal: one
from PT and (m-1) from PTkl,PTkz,...,PTkm_l. Using a similar method as above, the
probability for the unsuccessful decoding atS'I'Ib is given by

m-1

Pr ( Rsnb < R) = Pr(gm%_l(%mﬂb sty ST, ) < z’) = (1— exp(—ﬂ,pT’STIb p))H kag - (7)

(14)
In case that I, <k , S'I'Ib only receives the primary signal from PT, (14) reduces to

Pr(RSTI < R) =1—eXp(—/1pT,ST,bP) (15)
In addition, in case that I, >k, , node S'I'Ib receives replicas of primary signal from all
nodes belonging to the set D;, hence (14) can be rewritten as
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n

Pr(R,, <R)=(1-exp(~Zerer, £ ) [ I F... .. ) (16)
g=1

From (14)-(16), the probability for each set Fj can be expressed generally as follows:

[ LA

Similar to the case of I, >k, , it is obvious that ST; and SR; also receive signals from all

j—n-1 -n-1

P(Fj):HPr( . <R) H

b=1

nodes belonging to the set D, , hence the probability that the decoding at nodes ST; and SR; is
unsuccessful is calculated respectively as

n

F)SOTM:VXp = (1_ exp (_ﬂPT,STJ p)) H F}/STkg STj (T) (18)
g:

Psor«tj?xp = (l_ EXp (_}LPT,SRj p))ﬁ F;/STk s, (7) (19)
gt ?

out, x

Note that with j=1, (18) and (19) reduce to Ry " zl—exp(—ﬁ,PT’STlp) and

P ® =1- exp( y— p) , respectively. Once ST; decodes correctly the primary signal, the
combined signal of the primary signal and its own signal is transmitted and given by

2o =\Ja,Px, +(1-a;)Px, (20)

The received signal at node SR; due to the transmission of STj is

rSTJ-,SRj = hSTJ-,SR ST; +nSR =4« hST SR X +\/(1 a; )PhST SR; XS, +nSRj (21)

As discussed in [13], if SR; also decodes successfully the primary signal, the component

a; PhSTj sr, Xp can be canceled out from (21) and we have

e = (1—05j ) Pher sr X, ) +Nge. (22)
Thus, the achievable rate between ST;-SR; link is written as follows:
1 —
RST]-,SRJ- :mlogz (1"'7/(1_05]')|hsn,SRj |2) (23)
From (23), the probability that node SR; retrieves X ; incorrectly is calculated by

Ast. R P] (24)

Pa =Pr(Rer o, <R) =1—exp[—m
i

Note that SR; can not receive X ; successfully if SR; or STj is not able to decode x,

S, )

correctly or ST;-SR; link is in outage. Therefore, from (13), (17), (18), (19) and (24), the total
outage probability at SR; is given by

N R S (|

Now, defining the outage probability of secondary system as the probability that all
secondary pairs are in outage, we have
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N
Pszlé:mdary = H PSC;QUE (26)
j=1

Consider the primary link; we denote set of STs having the successful decoding and
unsuccessful decoding of the primary signal by D and F, respectively. Assume that

D={ST,.ST,....ST, | and F={ST,ST,,..ST, | . where O<n<N
1<k, <...<k, <N and 1<I <...<l, , < N.Similarly to (13), (17) and (18), we obtain

P(D)= fﬂl— (1-exp (s, p))H o (r)} @n
P(F)= ib_! {(1— exXp(~Zorer, p))ﬁ . (r)} (28)
Pt = (1-exp(~Aonyu)) [ TF.,.. () (29

g=1
Using the theorem on total probability, the average outage probability of primary system is
given by
Paimary = 2. P(D)x P (F)x P! (30)
D

Primary

3.2 Diversity Order

Proposition 1: Node ST; (lg j< N) assigns fractions ; and 1—«; of the transmit power

o.

P to primary signal and its own signal. If ¢; satisfies the condition 1 L <7, STjiscalleda
J

non-diversity relay. Among N selected ST, if there are q(0<q < N non-diversity relays,

the achievable diversity gain of the primary network is N +1—(.

Proof: We assume that D = {STkl,STkz , ...,STkn } , F= {S'I’,l STy ST, } , and there are
w(0<w<n) non-diversity relays in set D and q—w non-diversity relays in set F .
Without loss of generality, assume that w non-diversity relays belonging to set D and q—w
non-diversity relays belonging to set F are {STkl,STkz ,...,STkW} and {S'I'll,STI2 ’---1ST|Q,W}’
respectively. From (11) and (27), at high SNR regime y, P(D), P(F) and P in (27), (28)
and (29) can be approximated as

P ( D) ~1 (31)
' , ifm<w+1
P(F)~ (32)
;o ifm>w+1

(33)
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m-1 ASTkg st 7

N-n N-n
where C, =H/1PT,ST|,,T v Cop = Hﬂ’PT,ST.bT H
b=1 b=1

and
g-wl Q) — (1— a, )r
9 9

n /LSTkg PRE
Csp = Aprpr? H

waia, —|1-a )r
g=W+ kg ( kg

Relying on (31)-(33), we can approximate the outage probability of primary link for each
possible set of D as

—)—(N —w+1)

clch&D(;/ ; ifm<w+1

P(D)XP(F)XPPOF;Jtz (34)

—\—(N=n)(m-w)—(n-w+1
)( e ); ifm>w+1

CpCsp (7

Furthermore, in case that all secondary transmitters decode sucessfully or
D ={ST,,ST,,...,ST, } and F ={¢}, the outage probability of this case is given by

P(D)X P(F)X PPOFLzJt = (1_eXp(_ﬂ'PT,PRp))]j\I—‘[(l_exp(_ﬂSTj,PRp)) (35)

j=1
At high SNR ;_/ (35) can be approximated by

—)—(N—q+1) (36)

P(D)xP(F)xPg ~cyp (7

N
where C, , = Aprpr? H (ASTVPRT)'

i=a+1
Futhermore, it is easy to see that (N —n)(m—-w)+n-w+1>N-w+1>N-q+1,

hence, from (30), (34) and (36), we can approximate PX"  at high SNR 7_/ as

Primary
Pt = Y P(D)xP(F)x Rt ~cf7) " @)
D

where ¢ is a constant.
Finally, the diversity order is determined by [11]

—\—(N-g+1)
. og(Res,) . o9(el7)
Diversity order=lim — —=lim- =N-g+1 (38)

T ey ey
Proposition 2: For each ST;-SR; link, the achivable diversity order is 1 and hence the diversity
gain of the secondary network is N.

Proof: As in Section 3.1, we define Dj:{STkl,STkZ,...,STkn} and

F, = {SR,Sle’---’S-rlj,l,n} . It is assumed that there are w(0 < w < n) non-diversity relays
in set D; and without loss of generality, we can assume that they are {STkl STy ST, } At

first, we approximate (13), (17) at high 7_/ as
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P(D;)=~1 (39)
—\~(i-n-1) .
Cip, (;/) ; ifm<w+1
P ( Fj ) = —\—(j-n-1)(m-w) . (40)
Cop, (;/) ;o ifm>w+1l
j-n-1 j-n-1 n ﬂ'STkg st 7

where ¢, , = H %T,sﬂbf and C,, = H A’PT,ST%T H
b=1 b=1

g=wl &y — (1— o )z‘ .
Next, from (18), (19) and (24), the expression 1—(1_ pS"T”jt’Xp )(1_ Psc;u:,xp )(1_ PSOF;J?XSJ ) .
(25) can be calculated approximately by
1 _
1-(1- PR3 ) (1- Pt )(1- Pt ) G0, (f )_1’ ifm<w+1 "
| | | Cy.p, (7) ; ifm>w+1

Ast, sr, Ast R, T
— IRy | — IRy |
where C; _{ﬁ’PT,ST] +ﬁ’PT,SRJ + 1 }r and C,, =
i

From (39)-(41), the outage probability for each possible set of D; is approximated as

— (i)
P(D,)P(F, )[1—(1— P (1 P ) (- P )} N

1—0(j

Cip,Csp, (7) ; ifm<w+1

Co,Cap, (;_/)_(j_n_l)(m_w)_l Jifm>w+l

(42)

Note that when all STs, i.e., STl,STz,...,STJ._1 decode the primary signal successfully,
(42) is calculated as follows:

-1
difm<w+1l

ot s o ez -
il > W+

C2,0,Cap, (7
For all remaining cases of set D;, we have (j—n—1)(m—w)+1> j—n=>1, hence the
outage probability for ST;-SR; link PS"F;’: in (25) can be approximated at high ;_/ by
Pt ~c,(7) (44)
where C; is a constant.
Therefore, the outage probability of secondary system in (26) can be calculated approximately

as
N NN
Pszlégndary = H Ps(;g: ~ (7 ) HC i (45)
=1 j=1

Applying the definition of diversity order [11], the diversity gains of ST;-SR; link and
secondary system are easily determined by 1 and N, respectively.
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4. Simulation Results

In this section, we use the Monte-Carlo simulation to verify theoretical results. We assume that
the distance between PT and PR, and the distances between ST; and SR; are normalized to 1.
In addition, STs are placed on the line between PT and PR such that the distance between ST;

J

and PT equals Nl We set the path loss exponent £ to 3 and the target rate R to 1 in all
_|_

simulations.
Fig. 2 shows the outage probability of the primary network as a function of average SNR y

in dB. In this simulation, the number of selected STs N varies from 0 to 3 and the fractions of
transmit power to primary signal are set to 0.95 for all STs. In case of N=0, PT transmits the
primary signal to PR directly, without the help of STs. It can be seen from the figure that the
simulation and theoretical results match very well with each other. In addition, for all cases,
the performance of primary link employing cooperative transmission from STs is better than
that of direct transmission (N=0) at high SNR regime.

10
107 bizziznesoeiaoa Rees sz Robess
= e AN N T
gL I
o
o N
(ol --------------JI---------------:- ---------------------------
m N ——— i Bttt r-—-----M------ . -------------
2 107 | — 0-ST (Theory) S
5 *  0-ST(Simulation) f:: SIIIINIINGIIE
@) — 1-ST (Theony)
4 ® ST (Simulation) [777777TTTTTTTIATTORT TR T
10 2-ST (Theory) Mgeiids
B 2-ST(Simulation) | oo
3-5T (Theory) S A
'IU'S ¥ 3-ST (Simulation) ;
0] 5 10 15 20

SNR(dB)
Fig. 2. The outage probability for primary network.

In Fig. 3, we investigate the effect of the fraction of transmit power to primary signal
assigned by STs on the performance of primary network. In this figure, the results are

presented by theoretical calculations. It can be observed that in case that[e, «,]=[0.8 0.8],

a a,

and 7 > , hence

l1-a 1-a,
the achievable diversity order is equal to 1, follows the statement of proposition 1. For the case

the performance is worst. It is due to the fact that in this case 7 >
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that [e, a,]=[0.9 0.8] (or[ey, ,]=[0.8 0.9]), due to % >r(or % >rj, the
1-¢ 1-q,

diversity gain increases 1 from the help of ST, (ST,). In the last case[oe1 az] =[0.9 0.9], the

performance is best because the diversity gain of 3 can be achievable.

In Fig. 4 and 5, the outage performances of the secondary network are evaluated and
compared. In Fig. 4, we assume the CCU selects 3 STs for cooperation. It is also assumed that
each selected STj, j=1,2,3, uses the same fraction ¢ of transmit power to primary signal. As
we can see, when we decrease the value of « , the performance of secondary network
increases. It is because the fraction 1—«a of transmit power assigned to secondary signals
increases with decreasing of « . In addition, the simulation and theoretical results again match
very well.

The theoretical results are presented in Fig. 5 to determine the diversity order of the
secondary network. In this figure, the number of selected STs is set to 4, while fraction «
changes. It can be observed that for all values of « , the diversity order does not change and
equals to 4. This is in accordance to the proposition 2.

In Fig. 6, 7, and 8, we present the outage probability of each ST-SR pair. In particular, we
assume that 3 STs are selected to help PT to transmit the primary signal to PR. As expected,
the results from simulation and theory are in excellent agreement. It can be seen from these

figures that the performance of STj-SR; pair increases with decreasing &, (1§ J £3) :
Furthermore, the performance of ST; —SR; pair does not depend on «, and «, while that of
ST,—SR; pair just depends on ¢; and that of ST3-SR3 pair depends on ¢; and «, .

—+—0-ST
107 | % 2.5T[0.80.8] |
10° | —e—2-5T[0.90.8] ;
. |—=—2.5T[0809]

—»—2.5T[0909]

15 20 25
SNR(dB)
Fig. 3. The outage probability for primary network.

Outage Probability
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Outage Probability
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10 B [0.750.750.75] - Simulation f::
[0.85 0.85 0.85] - Theory
® [0.85085085]- Simulation [J_0_ 111000
— [0.95 0.95 0.95] - Theory S ]
10 #  [0.95095095] - Simulation
10 15 20 25 30
SNR(dB)
Fig. 4. The outage probability for secondary network.
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10'2 ...............................................................
T NN T e, S U SO, NS
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—%—[099099009009] |

10| —8—[09090909 BT .

14| —®—[08080808)

—w—[07070707]

30 35 40 45 0 55 B0
SNR(dB)
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5. Conclusions

We
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also presented the exact outage probability expressions for the primary network as well as
secondary network. Then, the validity was verified by a variety of Monte-Carlo simulations.
The simulation results showed that the performance of the primary network employing the
proposed protocol was enhanced significantly when compared with the system that does not
cooperate with secondary nodes. Furthermore, cooperation of secondary users not only
improves the outage performance but also achieves higher diversity order for secondary
system.
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