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Abstract: A cooperative model of multiple primary and secondary
users coexisting cognitive network is presented. In this model,
the control center is aware of all the users’ locations in order to
allocate the nearest secondary user to the primary user. The
control center is aware of the information of the unused spectral
resources in terms of the feedback of the sensing results from the
secondary users. It allocates idle frequency bands among the
secondary users. The primary user accesses the base station ( BS)
in orthogonal subchannels, and it cooperatively transmits packets
with the secondary user and exploits the free band assigned by the
control center to amplify-and-forward what it receives
immediately. Under this scenario, the outage probability of the
cooperative transmission pair of the primary and secondary
transmitters is derived. The numerical simulation of the outage
probabilities as a function of primary transmission probability p,,
power allocation ratio ¢ between the primary and secondary
users, and the numbers of the primary and secondary users are
given respectively. The results show that the optimal system
performance is achieved under the conditions of £ =0.5 and the
numbers of the primary and the secondary users being equal.
Key words: cooperative transmission; outage probability;
amplify-and-forward; cognitive network

s user demands for data services and rates steadily
Aincrease, the efficient usage of existing spectrum re-
sources is becoming a critical issue'"'. The cognitive radio
enables a secondary network to dynamically “borrow” and
reuse the licensed spectrum allocated to the primary system
under the condition that no harmful interference is caused to
the primary services””™ . This motivates the research on the
sharing spectrum between the primary and the secondary us-
ers which is called a coexisting cognitive network.

A basic cognitive network including two source-destina-
tion links and sharing the same spectrum resources (1i. e.,
time slots and frequency bands) was investigated in Refs.
[5 —6] from an information theoretical standpoint. For
MAC capacity analyses of cognitive networks, Simeone et
al. "™ derived the maximum throughput of the secondary
user in the case that the primary arrival rate is given. And
the maximum throughput is investigated under a simple
scenario with two links, one is the primary and the other
one is the secondary, in which the primary user transmits
packets with and without secondary user relay.
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Most of the recent cognitive models being studied are the
common models which means that primary terminals are ob-
livious to the presence of secondary users. Secondary users
sense the radio environment in search of spectrum holes and
exploit the detected transmission opportunities.

In this paper, we focus on the model of the primary user
and the secondary user cooperatively transmitting packets to
the destination. In Fig. 1, the primary users are aware of the
presence of the secondary user. All the secondary users co-
operatively sense the idle spectral resources, and then the
sensing results are reported to a spectrum sharing pool at the
control center. The secondary user chooses one band from
the spectrum sharing pool (i.e., the band used by the sec-
ondary user is assigned by the control center) to amplify-
and-forward what it receives immediately with the arrival of
primary packets. As shown in Fig. 1, the system model
consists of N primary users connecting to the base station
(BS) in orthogonal subchannels, i.e., f,f,, ..., fy- The
secondary users are considered to be relays for the primary
user when they sense idle spectrum resources. Furthermore,
the control center is aware of the locations of every user and
allocates one secondary user which is the nearest to the pri-
mary user to cooperatively transmit with the primary user (if
there exists enough secondary users). Assuming that all the
channel state information (CSI) (e. g., the channels from
the primary user and the secondary users to the BS) is avail-
able in the BS, the outage performance of this system model
is analyzed.
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Fig.1 Wireless cooperative cognitive network of the system
model

1 System Model
1.1 A note on the model

In this system model, we only consider the secondary us-
ers to be relay nodes for the primary users. The control cen-
ter has the ability to allocate a secondary user which is the
nearest to the primary user for transmitting packets coopera-
tively with the primary user based on the information of user



376

Bao Xu, Song Tiecheng, and Shen Lianfeng

locations, and it is responsible for spectrum allocation a-
mong different secondary users. In addition, the BS must
be aware of the CSI of all the channels in order to compute
the outage probability. In practice, this entails the need for
a control channel to be used, e. g., for exchanging the in-
formation of locations, allocating a relay for the primary us-
er and the communication of CSI parameters from all the us-
ers to the BS.

1.2 Physical layer

The channels between different users are modeled as zero-
mean independent circularly-symmetric complex Gaussian
random variables. We define a,; as the channel gain be-
tween nodes i and j with variance ai ;» so that the magnitude

\ a; | is Rayleigh distributed ( Bi;= \ a; | * is exponential-
ly distributed with mean a-i ;) and the phase is uniformly
distributed on [0, 27]. Furthermore, we model z; as zero-
mean mutually independent, circularly-symmetric complex
Gaussian random variables with variance N, .

Based on the above definition, the received signal at the
BS is modeled as

Ya=a, X, +a, X +74 (1)

where x_ is the i-th primary source transmitting signal, and
x, is the i-th secondary relaying signal based on the amplify-

9
and-forward scheme"’

. a, ;and ag , denote the channel
gains of the links among the i-th primary and secondary user
to the BS respectively.

If we assume that every primary-secondary cooperative
transmitting pair has an average power constraint P, the
primary user transmitting power can be regarded as P, =
&P, and the secondary user transmitting power is P, = (1 -
&P, where £ € (0,1] and (1 -¢) [0, 1) denote the
fractions of the total end-to-end power P, allocated to the
primary source and the assigned secondary relay, respective-
ly. As a result, the channel model is parameterized by the
SNR random variables ¢SNR@, ;or (1 - ¢) SNRG, ;, where
SNR =P, /N,"" . Furthermore, due to the burst and random
characteristics of data transmission, we define the transmis-
sion probability of the primary user as p.. Under the above
definition, the mutual information between the i-th primary
user and the BS is given by

I, =log(1 +¢SNRB, , +f(£SNRB, . (1 -£)SNRB, ,))
i=1,2,..,N; j=1,2,....S. (2)

tot?

where S, is the number of the secondary users, and f(x, y)
Lxy/(x+y+1).

Due to the primary and secondary relay transmiting on the
orthogonal frequency bands, the nodes achieve the total
number of the available degrees of freedom in the channel.
In contrast, the available degrees of freedom of the channels
in Ref. [9] can only be achieved by one half of the total de-
grees of freedom. The outage probability in this paper is de-
fined as the probability that the mutual information between
the primary user and the BS falls below the required rate.
We give the outage performance and numerical simulations
of the model in the following section.

2  Outage Performance Analysis

In this section, we analyze the outage performance of a
cooperative transmission between the primary and the sec-
ondary users using a free band to the BS. The outage event
occurs when satisfying the following conditions:

11o,1=11{0, , . Nno;NO,}U

1{0, ,n0O}IN1{0,} (3)

out rjOfrWOs}LJI {0];,.8,,(1

where 1 { - }is the indicator function; O, is the overall out-
age event; O,  , denotes the outage event of the coopera-
tive transmission to the BS; O, describes the event that there
is at least one free band in the spectrum sharing pool; O, de-
notes the event that there exists at least one secondary user
relaying for the primary; O’ | , means the outage event on
the condition of there being no free band in the spectrum
sharing pool; O, ,denotes the outage event of direct trans-
mission to the BS; O, means the event that the primary user
has packets to transmit; O] and O; are the complements of
O, and O, respectively.

Based on the system model of the physical layer, we can
give the probabilities of these events. The outage probability
of cooperative transmission is"”’

P[O, . 0 =PI, ,<R]=P{log(1 +£SNRB, , +
JUESNRB, . (1 -&)SNRB, ,)) <R} ~
(-9 +ér, (2" -1y
: 4
28(1-8a, 4oy O'f].d( SNR) )

The last row of (4) is tenable when SNR is great.
The probability of the existing free band in the spectrum
sharing pool is given by

PLO;] =1 -P[O;] (3)

where O; means that all the bands except for the licensed
band of the i-th primary user in the system are occupied by
the primary or secondary users. If the control center allo-
cates one secondary user for the primary user and the coop-
erative transmission is adopted, the working bands are occu-
pied in pairs (One band is for the primary user transmission
to the BS, and the other band is for the secondary user to
amplify-and-forward what it receives simultaneously to the
BS). Assuming that all primary users have the same trans-
mitting probability p_, the probability of the event Oy is giv-
en as

(N=-1)/2 (N=1)/2 +1
D, + P + ...

. +p¥" Nis odd
P[ O[] = {pN/Z N2 +1

Noro (6)

. X + ... +p, N is even
It reveals that no free band in the spectrum sharing pool is
used for the cooperative transmission only when at least half
the number of the primary users access the channel via sec-
ondary relaying which is due to the orthogonal access proto-
col. If more than one half the number of primary users ac-
cess the channel, they must exploit a direct transmission or
time diversity access.

When the free band does not exist, the primary user
makes use of its license band to transmit packets in two slots
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(named as time diversity access). One slot is for primary
transmission, and the other one is for the secondary retrans-
mission to the BS. As a result, the probability of O},  ,is
written as

' 1 1
PLO;, 1 =P[ 1, . . <R| :P{jlog(l +ESNRB, , +

f(ESNRB, . (1-£)SNRB, ) <R}~
(1-9o, +éo, , (2F-1)°
2 -po, o, a':.d( SR ) M

The analysis is similar to Ref. [9].

If the number of secondary users is less than that of pri-
mary users, there exists no secondary relaying for at least
one primary user. Under this condition, the relaying proba-
bility for one primary user is considered to be S,/N. Hence,
the probability of O is

S
P[O,] =min{—, 1 8
(0.1 =minf 1} (8)
The primary user adopts a direct transmission only when no

secondary user is assigned for it. Besides, the outage proba-
bility of direct transmission is shown as follows:

PLO, 1 =P(I, ,<R) =P{log(1 +£SNRgB, ,) <R} =

2F 1
! _e"p( _§SNRU,2,”d) ©)
The overall outage probability is
P, =pAPLO,  JPLOJP[O] +P[O', PLO]] -
P[O] +P[O, ,JP[O]} (10)

3 Simulations

In this section, we give numerical simulations of the out-
age probability as a function of SNR, the power allocation
ratio &, and the numbers of the primary and secondary users
based on different primary user transmission probabilities p..

3.1 Simulation parameters

We consider a symmetric channel model which has the
same channel gain among different primary links (including
the channel from the primary user to the BS p,—d and the
channel from the primary user to the secondary relay user p,
—s;) and different secondary links (the channel from the
secondary user to the BS s,—d). We define the channel va-
riances as 0'[2,”5’ =2, a-f’_d =2 and a'lz,ﬂd =1(i=1,2,...,N; j
=1,2,...,8,) in our simulation. Furthermore, the required
data rate R =1 bit/(s - Hz).

3.2 Simulation and discussions

Fig.2 shows the analytical and simulated outage probabil-
ity of the proposed scheme as a function of SNR based on
different p (p, =1,0.6,0.3,0.1) and the system parame-
ters of £ =0.5,N=5,8,=5,R=1Dbit/(s - Hz). According
to Fig.2, the simulated results are very similar to the analy-
tical performances. In addition, the outage probabilities de-
cline with the transmission probabilities of primary users. It
means that the secondary relay user can make good use of
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Fig.2 Outage probability of simulation and analysis

the free channel resource and reduce the probabilities of out-
age events.

Fig. 3 shows the outage probabilities as a function of ¢
with p, =0.5, SNR =15,20,25 and 30 dB. From Fig. 3, it
can be seen that the optimal power allocation ratio £ is equal
to 0. 5 which can be computed by taking the derivate of Eq.
(10) to &, i.e., by solving the equation 9P ,/9é =0. It is
a natural choice of ¢ when implementing in the practical net-
works without the knowledge of the CSI of the system.

Fig. 4 shows the outage probability vs. the parameter N/
S, withN=1,2,...,10; §, =5; ¢£=0.5and p, =0.5,0. 3,
0. 1, respectively. It can be seen from Fig. 4 that the outage
probability decreases when N is less than the number of sec-
ondary relay users S, and increases when N is greater than
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Fig.3 Outage probability as a function of power allocation
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Fig.4 Outage probability as a function of N/S,
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S.. It is due to the fact that every primary user is allocated
one secondary relay user and cooperative transmission is
adopted when N < S,. Under this scenario, the secondary re-
lay user can obtain more opportunities to access a free chan-
nel to retransmit the primary packet when N increases. As a
result, the mutual information increases so as to decrease the
outage probability. However, when N > S, the relayed
probability (i.e., S./N) of the primary user is reduced ac-
cordingly. The primary user must transmit directly to the BS
with greater probability. Obviously, the overall outage
probability increases under this condition.

Fig. 5 gives the simulation results of the outage probabili-
ties vs. the system parameters S,/N with S, =1,2, ...,10; N
=5;6=0.5and p, =0.5,0.3,0. 1, respectively. Accord-
ing to Fig.5, more primary users can be relayed through the
increasing number of secondary users. It can reduce the out-
age probability when S, < N. However, it is not necessary
to keep more secondary relay users than the primary users
because every primary node transmits with only one second-
ary user cooperatively.
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Fig.5 Outage probability vs. system parameters
4 Conclusion

The model of N primary users transmitting in orthogonal
subchannels with S, secondary relaying is studied in a stationary

fading environment. The primary user transmits packets co-
operatively with the secondary user which is assigned by the
control center using the free band of the spectrum sharing
pool. We analyze the outage probabilities as a function of
primary transmission probability p , power allocation ratio
&, and the numbers of the primary and secondary users, re-
spectively. Numerical simulations verify the results of the
theoretical analysis.
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