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Abstract—In this paper, we propose a two-phase overlay
spectrum sharing protocol based on cooperative decode-and-
forward relaying which allows the secondary system to gain
spectrum access along with the primary system. In the proposed
scheme, the secondary system operates simultaneously in the
same frequency band as the primary system, which supports
the relaying functionality. We show that by using a space time
block code (STBC) design in two time phases in the secondary
system, the subsequent interference from the secondary system
to the primary system and vice versa can be completely removed.
Consequently, it is possible to achieve spectrum access for
secondary system without compromising on the performance of
the primary system. Performance of the primary system and
the secondary system is analyzed in terms of outage probability,
and simulation results are shown to validate the efficiency of the
proposed scheme.

Index Terms—Spectrum sharing, cooperative decode-and-
forward, STBC, outage probability.

I. INTRODUCTION

With an exponential increase in the number of wireless
applications in recent years, there is an insatiable demand for
more radio spectrum. Perpetuating the problem further, most
of the prime spectrum below 3GHz has already been allocated
under the licensed band and is no longer available for new
wireless systems [1]. In order to solve this spectrum scarcity
problem, solutions in the form of cognitive radios [2] have
been proposed. One of the key features of a cognitive radio
is its ability to sense its ambient communication environment
and consequently adapt its parameters to provide the best
allowable quality of service to the unlicensed users with
minimal interference to the licensed users [3].

In a cognitive radio framework, a secondary system (un-
licensed user), comprising of secondary transmitter (ST) and
secondary receiver (SR), is allowed to co-exist in the same fre-
quency band as a primary system (licensed user), comprising of
primary transmitter (PT) and primary receiver (PR). Based on
the well known cognitive radio interweave technique [3], op-
portunistic transmissions by the secondary system are allowed
whenever the signals from primary system are determined to
be absent.

A variant of the above model, known as overlay cognitive
radio network, has been proposed in [3]-[6]. In this case, the
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two systems operate on different levels of priority. Higher
priority is given to the primary system and the secondary
system operates on a lower priority with a constraint that its
operation does not affect the performance of primary system.
Although overlay techniques are one of the most promising
techniques for cognitive radio network, these approaches are
typically interference limited, i.e. the performance at PR and
SR is limited by the interference from ST and PT respectively
[5]-[8]. In [6], the overlay cognitive radio model was also
extended to include multiple antennas (MIMO) at primary
and secondary systems. An information theoretic approach is
used to derive an achievable region for the Gaussian MIMO
cognitive channel and an outer bound on the capacity region
was obtained by assuming that ST has a priori knowledge of
PT’s message as well as full transmit channel state information
(CSD.

In this paper, unlike [6]-[8], we propose a practical spectrum
sharing scheme which exploits multiple antennas at ST with
cooperative space time coding to effectively cancel out the
interference from the secondary system to the primary system,
and vice versa. Moreover, in the proposed scheme, all the
message sharing is causal, no “genie added” information is
required, and there is no requirement for transmit CSIL.

Cooperation techniques to enhance the performance of a
communication system in terms of diversity, coverage ex-
tension, etc, have been studied extensively in literature [9].
Control signalling for cooperation has also been proposed in
[10]-[11]. Consequently in our proposed scheme, we presume
that the primary system is an advanced system with relaying
functionality like IEEE 802.16j [12] and it employs a practical
handshake mechanism for cooperation that is similar to [11].

Consider a scenario in which the target rate between PT
and PR drops below a particular threshold. PT will seek
cooperation from neighboring terminals to enhance its trans-
mission performance by broadcasting a cooperative right-to-
send (CRTS) message which also indicates the target rate, 12,
for the primary system. PR responds to CRTS by transmitting a
cooperative clear-to-send (CCTS) message. Upon overhearing
CRTS and CCTS, ST estimates the channel gains of PT-ST
and PR-ST links, and decides whether the I2,; requirement for
the primary system can be met if it serves as a decode-and-
forward (DF) relay for the primary system. If yes, ST responds



by sending a cooperative clear to help (CCTH) message to PT
and PR, and the primary system correspondingly switches to
a two-phase DF relaying transmission mode, with ST as the
relay terminal. However, if ST is not able to assist the primary
system to achieve I?,;, it will simply remain silent and the
primary system hence retains its original direct transmission
from PT to PR.

Once ST is confirmed as a relay, secondary spectrum access
is achieved by adopting the following two-phase transmission
protocol. The system models for the 1st and 2nd phase are
shown in Fig. 1 and Fig. 2 respectively. We denote the two
antennas at ST as ST(1) and ST(2). In the 1st phase, the
primary signal transmitted by PT to PR is also overheard
by ST(1) and SR. Simultaneously, in the same phase, ST(2)
transmits the secondary signal which is received by SR as
well as PR. ST(1) attempts to decode and regenerate the
primary signal it received in the first phase. If the decoding is
successful', ST(1) and ST(2) transmits the complex conjugate
of the secondary signal and negative complex conjugate of
the primary signal in the 2nd transmission phase respectively.
At PR, the combined received signals after the two-phase
transmission are multiplied by an orthogonalization vector to
cancel out the interference from secondary signal and retrieve
the primary signal. The secondary signal is retrieved at SR in
the same way.

The main advantages of the proposed scheme are summa-
rized as follows.

o The proposed scheme is not interference-limited unlike
the superposition coding techniques in [4], [S]. As a
result, the performance of primary and secondary sys-
tem is not limited by the interference from ST and PT
respectively.

« The secondary user is able to achieve spectrum access as
long as it is willing to increase its transmit power such
that R, is met.

o The rate of primary as well as secondary transmission can
be increased by just increasing the transmission power
at ST. Consequently, there is no trade-off between the
achievable performance of primary and secondary sys-
tems which is inherent in conventional overlay cognitive
radio schemes.

o The proposed scheme also ensures that the performance of
the secondary system can be maintained regardless of the
availability of spectrum holes, thus making this scheme
extremely attractive in dense urban areas where spectrum
holes are hard to obtain.

The existence of the secondary system is transparent to the
primary system as it is the onus of ST to “disguise” itself
as a primary relay in exchange for the chance to access the
spectrum. As a basic requirement for the proposed scheme,
we assume that the primary system supports STBC [13] and
the necessary CSI needed at the receiving terminals can be
obtained through standard pilot symbol-aided channel esti-

f the decoding at ST(1) is unsuccessful, an outage is declared for the
primary as well as secondary system.

Digital Object Identifier: 10.4108/ICST.CROWNCOM2010.9217
http://dx.doi.org/10.4108/ICST.CROWNCOM2010.9217

ST(1 )WST(Z)

Fig. 1. Proposed scheme: Transmission phase 1.
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Fig. 2. Proposed scheme: Transmission phase 2.

mation methods [14]. We analyze the proposed scheme by
deriving the outage probability for the primary and secondary
systems, and validate its efficiency through the simulation
results. Throughout this paper, E[-] denotes the expectation
and a complex Gaussian random variable z with mean p and
variance o2 is denoted as z ~ CN(u,0?). An exponential
distributed random variable x with mean % is denoted as
x ~ g(\). We denote the transpose and conjugate transpose

of matrix A as AT and A, respectively.

II. SYSTEM MODEL

The system model for the proposed scheme is shown in Fig.
1 and Fig. 2 for transmission phase 1 and phase 2 respectively.
The channel between all the links i.e. PT-PR, PT-ST(1), ST(1)-
PR, ST(2)-PR, ST(1)-SR, ST(2)-SR and PT-SR are modeled
as Rayleigh flat fading with channel coefficients hi, ho, hs,
hy, hs, hg and h; respectively. The channel coefficients are
given by h;~CN(0,d; "), i=1,2,3,4,5,6,7 where v is the
path loss component and d; is the normalized distance between
the respective transmitters and receivers. The normalization is
done with respect to the link between PT and PR, i.e. d; = 1.
Thus all the links can be characterized by the set of parameters
{hi,d;} as shown in the figures. The instantaneous channel
gain of each link is denoted by ~; = |h;|?. The primary
and secondary signals are denoted by x,, and x, respectively,
have zero mean and E[z;z,] = 1, E[zjxs] = 1. P, and P
denote the transmit power at PT and ST respectively. In the
following sections, we describe the communication protocols



for the above scheme and obtain the outage probability for the
primary as well as the secondary system.

ITI. OUTAGE PERFORMANCE OF PRIMARY SYSTEM
A. Transmission Phase 1
In the 1st transmission phase shown in Fig. 1, the primary
signal x, is transmitted by PT and secondary signal z,
is transmitted by ST(2) simultaneously. Denoting the signal
received by PR, SR and ST(1) as y,()}»), yE}) and y,; respectively,
we have?

us) = V/Bphzy + v/ Pohazs + i (M
‘gi) = 4/ Pph7l‘p + v/ Pshgxs + n1s 2)
Yst = / Pph2xp + nais. (3)

Here ny; ~ CN(0,02), j = 1,2,3 is the additive white
Gaussian noise (AWGN) at the respective receivers for the
1st transmission phase. The achievable rate between PT and

ST(1) is thus given by R; = ilog, (1 + Loy

o2

) , Where the

factor % accounts for the fact that the overall transmission is
being split into two phases.

B. Transmission Phase 2

After reception of x,, in the 1st transmission phase, ST(1)
attempts to decode z,. If the decoding is successful, ST(1)
regenerates x,. Let 2*Y and 2{** be the transmitted signals
from ST(1) and ST(2) during the 2nd phase respectively. The

transmitted signal in the 2nd phase from ST can then be written

as
P
s — = s 4
zs =1/ 5 Tst @
where z, = [ 20 2 | ay = [a1 —a; 1" The

signal received at the primary receiver in the 2nd phase is
thus,

y$2 = hyzs +nat )
where hy = [ hg hs | and na; ~CN(0,02) is the AWGN.
Taking the complex conjugate of the above signal we obtain,

* * * PS * PS * *
ZJ;(D%) = (hsz)" +ny = \/;hgxs —/ ?hz;zp + oy
(6)

Thus the signal at PR after the two-phase transmission can be
written as

y=H,x+n @)

T
where y = yz(»}) yﬁ)*} s o= [z }T, n =

[ nit nSl ] and

g [ VBm VP .
SR VN RV

2In the 1st phase, ST(1) also receives the signal = from ST(2) but since
a priori knowledge of z is available at ST, it can be canceled out easily.
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Multiplying y by the orthogonalization vector w, =

[ /Ps/2h5  —+/Pshy ], we obtain,
Py . P,|hy|?
wyY = (\/2\/Pph3h1+ \|/§| >a:p

PS * *
+ 7}13”11 — \/Psh4n21. )

It is clear that the secondary signal x, has been completely
removed. Thus the signal received at PR experiences no inter-
ference from the secondary transmission. The achievable rate
between PT and PR, conditioned on the successful decoding
at ST, can be written as

1
Ry = log, (1 + SNRPR) (10)

where SNRPR is the instantaneous Signal to Noise Ratio
(SNR) at PR after the two phase transmission which is given
by

2

h§ V P@/2\/ Pphl + P€|h4|2/\/§
2
EH\/PS/Qh§n11 —V Psh4n§1 :|

_ Pp’Y3’71 + PS’YZ + 2\/ PstRe(h:*;hl)’M (1 1)

(’Y3 + 274)0 2
The achievable rate between PT and PR is thus R, =
min(R;, R2). The min(-) operator implies that if ST(1) is
not able to decode x,, an outage is declared for the primary
system. The outage probability of the primary transmission
with a target rate of I, is thus given as

Pfut = Pr{Rp < Rpt}
=1—Pr{R1 > Ry }Pr{Ry > R, }. (12)

SNRPRI —

Since o~ e(db),

2
Pr{R: > Ry} :Pr{vg > g } = exp (—d”a p1>

P

p
where p; = 228t — 1,

Pr{Ry > R} = Pr{SNR™® > p,}

= / / / SNR™p, (71)Ps (13)Pa (74)
d’yld73d’74 (14)

where p-, (71), P~s (73) and p., (74) are the probability density
functions of 1, 3 and ~4 respectively.

IV. DIRECT TRANSMISSION WITHOUT SECONDARY
SYSTEM

Without the secondary system, the achievable rate between
PT and PR is given by Ry = log, (1 + £22*). Thus the outage

g
probability of the primary signal transmission with target rate

Rpt is

o2
Pl =Pr{Ry < Ry} =1—exp ( Iz Pz) (15)
p



where p, = 2%t — 1. To satisfy the priority condition, we
ensure that the outage probability under the proposed scheme
is equal or less than the outage probability without spectrum
sharing, i.e.

PP, < P4

out S Lout- (16)

V. OUTAGE PERFORMANCE OF SECONDARY SYSTEM
A. Transmission Phase 1

In transmission phase 1, the signal received at SR is given
by (2).
B. Transmission Phase 2

Let ygi) be the signal received at the secondary receiver in
the 2nd phase such that

Y = gz +na an

where g = [ hs hg | and noy ~CN(0,02) is the AWGN.
Taking the complex conjugate of the above signal, we obtain

ysr \) h5 s \/ hG:EP + TL22 (18)

Thus the signal at SR after the two-phase transmission can be
written as

u=G,x+ng (19)

where u = [ (P ygi)* } , Mg = [ ni2 Ny ]T and

G. — v/ Pphr vV Pshg
° —hi/Ps/2 hi/Ps/2 |
Multiplying w with an orthogonalization vector w, =

| \/Ps/2h§ \/P,hr |, we obtain,
AT )

wu—<\/7\ﬁh5h7

+ \ / h6n12 \/ h7n22 (21)

From (21), we can observe that the primary signal x,, has been
completely removed. Therefore ST does not experience any in-
terference from the primary transmission. Thus the achievable
rate between ST and SR, assuming successful decoding of z),
at ST in the 1st transmission phase, is given as

(20)

1
Rs = 3 log, (1 4+ SNRSEC) (22)

where SNRSEC is the instantaneous SNR at SR after the two
phase transmission and is given by

h; V P€/2\/ﬁph7 + Ps‘hG‘Q
H\/ h6n12 \Fh7n22 :|

_ PovsPpyr + PAE + 2y /P.PyRe(hih7)y6
(Psv6 + 2Pp7y7)0?

SNRSEC —

(23)
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The achievable rate at ST after the two-phase transmission will
be R, = min(R;, R3). The outage probability of the secondary
transmission with target rate R, is thus?,

]35 wt = PI'{R < Rst}
=1- PI'{Rl > Rpt}Pr{Rg > Rst}, (24)

where

a’py
Pr{R; > Ry} = Pr{ vo > 2 =exp| —
P

v UQPI )
2 ’
P
" 2s)
Pr{R3 > Ry} = Pr{SNRSEC > p3}

= / / / SNR®*pe (75)Prve (V6)Ps (V7)

drysdyedryr, (26)

pP3 = 22R8t — 1 and p75(75)7 p‘m(ryﬁ)? p’*/7(,y7) are the

probability density functions of 75, 76 and y; respectively.

VI. SIMULATION RESULTS AND DISCUSSION

In this section, we compare our proposed spectrum sharing
scheme with direct transmission without the secondary system.
We consider the outage probabilities of the primary and
secondary systems under different conditions for the above
scheme. The chosen target rates are R,; = Ry = 1 and the
path loss component is chosen as v = 4. For simplicity, we
consider the scenario where PT, PR, ST and SR are collinear
with SR in the middle of PT and ST as shown in Fig. 3, and the
distance between the two antennas of ST is much smaller than
the distance between the nodes. Thus, d; = 1,0 < dy < 1,
dg ~ d4 =1- d2, d5 ~ dG = d2/2 and d7 = d2/2 In Flg

Q) o o O

PT SR ST PR
% ds ds ~
de
di=1
Fig. 3. Simulation scenario.

4, we show the outage probablhty for the proposed scheme
for different dp and £ =5, keepmg = 10dB. As observed
from Fig. 4, for a fixed value of 2 s when U—; increases, the
outage probability of the primary system (Pl ,) decreases.
For dy < 0.75, & = {20,30}dB, the requirement in (16)
is satisfied and thus we can have secondary spectrum access
along with the primary transmission.

Another point to note is that P2 , is dependent on dy, which
in turn determines the successful decoding of x, in the 1st
phase (Eq. 13). If ST is too far away from PT (d2 > 0.75),
then PP, increases, thus limiting the pos51b111ty of spectrum
access for the secondary system. For £ ~5 = 10dB and d2 < 0.4,
PP . is limited by the link between ST and PR (d3, d4), which
determines the successful decoding of x,, in the 2nd phase (Eq.
14).
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Fig. 4. Outage probability comparison for different dz and —% = 10dB.

Outage Probability

Fig. 5. Outage probability comparison for different % [dB].

For the secondary system, no significant variation is seen
in P, for £+ = {10,20, 30}dB and the performance is only
limited by the successful decoding of x,, in the 1st phase (Eq.
25) which is dependent on dy as can be seen from Fig. 4.

Fig. 5 shows the outage probability A)erformance of the
proposed scheme for different % and —% while do = 0.5.
It is quite obvious from Fig. 5 that the outage probability of
primary as well as secondary transmission decreases with an
increase in % This validates our conjecture that the secondary
transmission does not interfere with the primary transmission
as long as % is large enough. In fact the proposed scheme
contributes to an improvement in the performance of the
primary transmission. Another observation that can be made
from Fig. 5 is that spectrum access for the secondary system

3Note that if ST is not able to decode xp in the 1st phase, an outage is
declared for the secondary system.
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is possible even for very high values of % as long as ST is
willing to increase % so that the priority condition in (16) is
met. The floor in the outage probability for high values of %
is due to the limitation of DF relaying in the 1st phase (PT-ST

link).
VII. CONCLUSIONS

We proposed an interference-free spectrum sharing scheme
for an overlay cognitive radio network based on cooperative
DF relaying, where the secondary transmitter employs an
STBC design to transmit the primary signal along with its
own secondary signal. We showed that by using the proposed
scheme, the primary and secondary systems can transmit
simultaneously in the same frequency. Furthermore, the likeli-
hood of spectrum access for the secondary user increases with
an increase in its transmit power.

We quantified the performance of primary and secondary
systems in terms of outage probability and showed that the
primary user can improve its QoS (target outage rate) by
receiving assistance from ST while allowing spectrum access
by the secondary system. Simulation results were also shown
to validate the effectiveness of the proposed scheme.
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