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Abstract— In this paper, assuming a spectrum sharing envi-
ronment, we investigate the performance of a full-duplex dual-
hop cooperative cognitive network composed by one secondary
source, one secondary relay, and one secondary destination,
where this latter applies joint decoding with the signals received
from the source and relay such that the direct link can be
seen as useful information rather than interference. The effects
of self-interference at the relay are taken into account in our
analysis due to the full-duplex relaying nature. Closed-form
expressions for the outage probability and throughput are derived
and insightful discussions are provided. Our results show that
the proposed joint decoding full-duplex dual-hop secondary
network outperforms its dual-hop full-duplex and joint-decoding
half-duplex counterparts, even in the presence of strong self-
interference.

Keywords— Cooperative cognitive networks, full-duplex relay-
ing, joint decoding, self-interference, spectrum sharing.

I. I NTRODUCTION

In a cognitive radio context under spectrum sharing con-
straints, a secondary network may transmit concurrently with
the primary one as long as the communication of this latter is
not compromised. For such an operation, a maximum allow-
able interference level at the primary receiver is defined, and
secondary users (SUs) should take into account this threshold
during the transmission in order to adjust their transmit powers
to not damage the reception of the primary receiver [1],
[2]. This will allow a more efficient use of the frequency
spectrum. On the other hand, cooperative communications
[3], [4] have emerged as an alternative technique to boost
the performance of communication systems. The idea behind
this strategy is to make use of one or more nodes (called
relays) in order to emulate a physical antenna array. Thus,
the same benefits obtained in multiple-input multiple-output
systems can also be achieved with the use of single-antenna
nodes through the distributed transmission and processingof
the information. In cooperative systems, the relay behavior
is governed by the so-called cooperative protocols and it
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can operate on either half-duplex or full-duplex modes [3],
[5]. Specifically, in half-duplex mode, the relay transmitsand
receives in orthogonal channels, whereas in full-duplex mode
the transmission and reception are performed at the same time
and at the same frequency band. Owing to this fact, half-
duplex relays require the use of additional system resources,
while full-duplex relays arise as a viable option to alleviate
this problem. However, although ideal full-duplex relaying
can achieve higher capacity than half-duplex relaying [5],its
use introduces self-interference that is inherent to the full-
duplex approach (please, see [6]–[8] and references therein).
Nevertheless, the works in [6]–[8] showed that full-duplex
relays can still achieve high performance, even in the presence
of strong interference levels.

Motivated by the important benefits acquired with cogni-
tive radio and cooperative diversity techniques, several recent
works have analyzed the performance of cooperative cogni-
tive networks under spectrum sharing constraints [9]–[15].
Common to these works is that they assumed that all nodes
operate on a half-duplex mode. However, in [16] the authors
considered a scenario with a full-duplex relay subject to self-
interference. In that work, through the use of a whitening
filter, the interference from the primary network was assumed
to be approximately Gaussian. With this assumption in mind,
[16] performed a closed-form outage analysis for a full-duplex
dual-hop (DH) relaying scheme, in which the self-interference
at the relay was taken into account and the direct link was seen
as interference at the secondary destination.

Differently from all previous works, in this paper we con-
sider a cooperative cognitive network operating on a spectrum
sharing scenario with a full-duplex relay subject to self-
interference. In particular, this paper differs from [16] because
the secondary destination applies joint decoding with the
signals received from the relay and from the secondary source
such that the direct link can be seen as useful information
rather than interference. Closed-form expressions for theout-
age probability and throughput are derived and insightful
discussions are provided. The proposed scheme, termed as
full-duplex joint-decoding (JD) relaying, is compared with
the full-duplex DH scheme presented in [16] as well as with
the standard half-duplex joint-decoding (HD) relaying scheme.
Our results demonstrate that the proposed cognitive coopera-
tive full-duplex relaying scheme can considerably outperform
the full-duplex relaying method proposed in [16] for the whole
signal-to-noise ratio (SNR) range. Moreover, our results show
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that the proposed JD method performs better than the half-
duplex HD scheme in terms of throughput even in the presence
of self-interference.

The rest of this paper is organized as follows. In Section II,
the system model is introduced. In Section III, an analytical
performance analysis of the proposed scheme is carried out
in terms of outage probability and throughput. In Section IV,
representative numerical plots are shown and insightful dis-
cussions are provided. Monte Carlo simulations are also pre-
sented in order to corroborate the proposed analysis. Finally,
Section V concludes the paper.

II. SYSTEM MODEL

Consider a cooperative cognitive network (CCN) composed
by one secondary sources, one full-duplex secondary relay
r, one secondary destinationd, and one primary receiverp,
as depicted1 in Fig. 1. The CCN operates on a spectrum
sharing environment and the transmit power constraints will
be detailed later. The quasi-static fading channel between
transmitteri and receiverj is denoted byhij , i ∈ {s, r} and
j ∈ {r, d, p}. All channels undergo independent identically
distributed (i.i.d.) Rayleigh fading, thus|hij |2 follows an
exponential distribution with mean powerλij .

s r d

hsr

hsd

hrr
hrd

p

Interference

hsp

hrp

Fig. 1. System model: an underlay cooperative cognitive network with a
full-duplex relay.

The received signals at the secondary relay and at the
secondary destination can be expressed, respectively, as

yr =
√

Ps hsr xs +
√

Prhrr xr + nr, (1)

yd =
√

Pr hrd xr +
√

Ps hsd xs + nd, (2)

wherePi is the transmit power of the nodei, xi is the message
sent by the nodei, hrr denotes the fading coefficient of the
self-interference at the full-duplex relay,nj ∼ CN (0, σ2

n)
stands for the additive white Gaussian noise at nodej with
varianceσ2

n = N0, whereN0 is the one-sided noise power
spectral density. Moreover,λij = 1

(dij)α
, with dij being the

distance between nodesi and j, and α represents the path

1Since our analysis focused on the secondary communication,we assume
that the primary transmitter is far from the secondary network such that the
interference can be seen as noise [17].

loss exponent. Note that the self-interference may represent the
residual interference after the application of some interference
cancelation technique at the relay [8], [18]. We recall that
the self-interference is dominated by the scattering component
once the line-of-sight component is considerably reduced by
antenna isolation [8], which leads to in general very small
values ofλrr [6].

Due to the spectrum sharing environment, the primary
receiver tolerates a maximum interference level given byI.
In a spectrum sharing scenario with a full duplex relay, the
secondary transmitter and the secondary relay transmit their
messages at the same time. Thus, the primary destination re-
ceives interference from both transmitters simultaneously. For
this case, the transmission powers of the secondary transmitter
and secondary relay must be constrained as [16]

|hsp|
2 Ps + |hrp|

2 Pr ≤ I. (3)

As in [16], we consider an equal power allocation scheme
such that the secondary transmitter and the secondary relay
have their respective transmit powers limited by

Ps =
I

2 |hsp|
2 , Pr =

I

2 |hrp|
2 . (4)

Finally, in what follows, we denote the attempted information
rate at the secondary network asR.

III. O UTAGE AND THROUGHPUT ANALYSIS

In this section, we present the outage probability and
throughput analysis for the proposed full-duplex JD relaying
scheme. Additionally, we also include the outage and through-
put formulations for the cases of full-duplex DH and HD joint
decoding schemes, which are already known in the literature
and which are used as benchmarks for the proposed scheme.
The derivations are included for the sake of completeness.

Let us first define outage probability as the probability of
a failure in the communication between nodesi and j [19].
Therefore, an outage can be defined as the event that the mu-
tual information,Iij , is lower than the attempted transmission
rate R. Thus, assuming a unitary bandwidth and Gaussian
inputs, the outage probability is given by [3]

Oij = Pr [Iij < R] = Pr

[

log2

(

1 +
|hij |2Pi

N0

)

< R

]

, (5)

wherePr[θ] is the probability of eventθ.

A. Full-Duplex Joint Decoding (JD)

In the case of the proposed cooperative communication
scheme with the help of a full-duplex relay and with joint
decoding at the secondary destination, the mutual information
for the link between the secondary transmitter and the relay
can be written as

IJD
sr = log2

(

1 +
|hsr|

2
Ps

|hrr|
2 Pr +N0

)

, (6)
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while the mutual information for the link between the relay
and the secondary destination is given by

IJD
rd = log2

(

1 +
Ps |hsd|

2
+ Pr |hrd|

2

N0

)

. (7)

Note that in (7) the signals coming from the secondary
transmitter and the relay are seen as useful information at
the secondary destination. Moreover, also note that the self-
interference at the relay is taken into account in (6).

The overall outage probability of the proposed JD scheme
becomes then

OJD = Pr
[

min
(

IJD
sr , IJD

rd

)

< R
]

= 1−
(

1− Pr
[

IJD
sr < R

]) (

1− Pr
[

IJD
rd < R

])

= OJD
sr +OJD

rd −OJD
sr OJD

rd . (8)

The exact solution of (8) is very intricate. Thus, let us first
rewriteOJD

sr as

OJD
sr = Pr

[

IJD
sr < R

]

= Pr

[

Zs

Zr +
N0

µr

< ǫ

]

, (9)

where the random variablesZi are defined asZi =
|hij |

2

|hip|
2 , with

i = {s, r} and j = {r}, whose probability density function
(PDF) is given byfZi

(zi) =
λijλip

(λij+λipzi)
2 [16]. Note thatǫ =

2R−1 andµr = I/(2N0). Keeping this in mind, we can write
the outage probability of thes-r link as in (10). On the other
hand,OJD

rd can be determined as

OJD
rd = Pr

[

Zs + Zr <
ǫ

µd

]

, (11)

whereµd = µr = I/(2N0). Notice that the random variables
are redefined asZi =

|hij |
2

|hip|
2 , with i = {s, r} and j = {d}.

Let us also defineW = Zs + Zr, in which the PDFfW (w)
and the cumulative distribution function (CDF)FW (w) have
been derived in Appendix such that the outage probability of
the r-d link is given as in (12).

Finally, the overall outage probability can be attained by
plugging (10) and (12) into (8). At this point, we define the
throughput as the rate of error-free information transfer,which
is a function of the overall outage probability and can be
mathematically written as

TJD = R(1−OJD). (13)

B. Full-Duplex Dual Hop (DH)

In the full-duplex DH scheme introduced in [16], differently
from the proposed full-duplex JD scheme, the direct links-d
is seen as interference at the secondary destination. Thus,the
mutual information of thes-r link is written as in (6), while
the mutual information of thes-d link is now defined as

IDH
rd = log2

(

1 +
|hrd|

2 Pr

|hsd|
2
Ps +N0

)

. (14)

Note that, as previously stated, the source transmission isseen
as interference in (14). Then, similarly to the JD case, the
overall outage probability can be written as

ODH = ODH
sr +ODH

rd −ODH
sr ODH

rd . (15)

Also, it can be seen thatODH
sr = Pr

[

IDH
sr < R

]

is written
as in (10), whileODH

rd = Pr
[

IDH
rd < R

]

is also given as in
(10) but performing the following substitutions:λrr by λsd,
λsr by λrd, λsp by λrp, andλrp by λsp.

Finally, the throughput of the full-duplex DH scheme is
written as

TDH = R(1−ODH). (16)

C. Half-Duplex Joint Decoding (HD)

In the half-duplex HD scheme, the secondary transmission
occurs in two time slots. In the first time slot, the source
broadcasts its message to the relay and to the secondary
destination, while in the second time slot the relay retransmits
the source message if correctly decoded and if requested by
the secondary destination2. Thus, at the secondary destination
both messages are combined and jointly decoded.

Based on the above discussion, and making the appropriate
substitutions, the mutual information of thes-r and s-d links
can be both written as

IHD
ij = log2

(

1 +
Pi |hij |

2

N0

)

. (17)

As the messages from the source and the relay are jointly
decoded at the destination, the mutual information of ther-d
link is

IHD
rd = log2

(

1 +
Ps |hsd|

2
+ Pr |hrd|

2

N0

)

. (18)

The outage probabilities of thes-r and s-d links can be
expressed as

OHD
ij = Pr

[

IHD
ij < R

]

=
λipǫ

λipǫ + λijµj

, (19)

while OHD
rd can be written as in (12).

The overall outage probability of the HD scheme can be
finally defined as

OFDHD = OHD
sd OHD

sr +
(

1−OHD
sr

)

OHD
rd . (20)

Moreover, the throughput of the HD scheme is

THD = R
(

1−OHD
sd

)

+
R

2
OHD

sd

(

1−OHD
sr

)

(

1−
OHD

rd

OHD
sd

)

.

(21)

Notice that the first term in (21) represents the direct trans-
mission, while the second term corresponds to the cases
where the relay cooperates. We recall that, making of the
the Bayes rule and becauseIHD

rd ≥ IHD
sd , we can define

Pr
[

IHD
rd < R|IHD

sd < R
]

=
OHD

rd

OHD
sd

. Note also that the coeffi-

cient R
2 appears because of the multiplexing loss inherent to

half-duplex cooperative protocols [3]. However, as we consider
IDF protocol in the half-duplex relaying scheme, it is still
possible to achieve the same maximum throughputR as in
full-duplex schemes.

2It is noteworthy that we assume the incremental decode-and-forward (IDF)
protocol [3], in which the relay only acts if requested by thedestination and if
the source message was decoded free of error. Note that the IDF protocol was
chosen as it performs better than the fixed and selective decode-and-forward
protocols.
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OJD
sr =

∫ ∞

0

∫ ǫ(Zr+
1

µr
)

0

fZs
(zs)fZr

(zr)dzsdzr

=
λspǫ

(

(λrp − λrrµr) (λrpλspǫ+ λrpλsrµr − λrrλspǫµr) + λrpλrrλsrµ
2
r ln

(

λrp(λspǫ+λsrµr)
λrrλspǫµr

))

(λrpλspǫ+ λrpλsrµr − λrrλspǫµr)
2 . (10)

OJD
rd = Pr

[

W <
ǫ

µd

]

=

∫ ǫ
µd

0

fW (w)dw

= λrpλsp

ǫ (ǫλrpλsp + λrpλsdµd + λrdλspµd)− λrdλsdµ
2
d ln

(

(ǫλrp+λrdµd)(ǫλsp+λsdµd)

λrdλsdµ
2

d

)

(ǫλrpλsp + λrpλsdµd + λrdλspµd)
2 . (12)

IV. N UMERICAL RESULTS AND DISCUSSIONS

This section presents some numerical results in order
to investigate the performance of the proposed full-duplex
cooperative cognitive network using joint decoding at the
destination. Moreover, the performance of the proposed JD
scheme is compared to the full-duplex DH and half-duplex
HD schemes. Monte Carlo simulations have been carried out
to verify the accuracy of the analytical derivations. In theplots,
we assume the path loss modeld−α

ij with exponentα = 4,
wheredsr = 1

4 , dsp = 1, dsd = 1
2 , drd = 1

4 , drp = 1. We also
consider that the relayr is centered in a straight line between
s and d, while the attempted secondary transmission rate is
R = 4 bits/s/Hz, andN0 = 1.

Fig. 2 shows the outage probability for the proposed JD
scheme as a function of the primary interference thresholdI.
The performance of the HD and DH methods is also shown.
It can be seen that, in terms of outage probability, the HD
scheme outperforms the DH and JD schemes. Moreover, with
the increment of the primary interference threshold, the outage
of the full-duplex JD and DH methods saturates because of the
effect of the self-interference. Therefore, for sufficiently large
I, the outage probability of the JD and DH schemes becomes
independent ofI due to a performance floor caused by the
self-interference at the full-duplex relay.

In Fig. 3, we analyze the performance of the proposed JD
scheme for different values ofλrr and withR = 6 bits/s/Hz.
Note that the performance of the JD method increases with
the quality of the interference cancelation at the relay, which
is reflected in low values forλrr. We recall that the self-
interference cannot be completely removed [18], always re-
sulting at least in a small amount of residual self-interference.

In Fig. 4, the throughput for the three schemes is shown. As
discussed above, the HD scheme presents better performance
than the full-duplex schemes (JD and DH) in terms of outage
probability. On the other hand, when we account for the
throughput, the JD scheme considerably outperforms the HD
and the DH schemes in the whole SNR range. Moreover, note
that the self-interference considerably reduces the performance
of the full-duplex DH scheme, so that it even looses in
throughput to the half-duplex HD scheme. This shows the
importance of applying joint decoding at the secondary desti-
nation in the case of a full-duplex relaying scheme, otherwise
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Fig. 2. Outage probability for the proposed JD scheme, and the DH and HD
schemes, as a function of the primary interference threshold I.

the multiplexing gain expected from full-duplex schemes may
not be realized.

V. CONCLUSIONS

In this paper, we investigate the performance of a full-
duplex cooperative cognitive network with self-interference
and subject to spectrum sharing constraints. Assuming thatthe
secondary network is composed by one source, one relay, and
one destination, closed-form expressions were derived forthe
outage probability and throughput. Our results showed that,
even though the half-duplex cooperative cognitive network
presents the best performance in terms of outage probability,
the proposed full-duplex cooperative secondary network issu-
perior in terms of throughput. Moreover, it was shown that the
proposed full-duplex cooperative secondary network performs
better in terms of outage and throughput than another known
full-duplex scheme that considers the source transmissionas
interference at the secondary destination. As a future workwe
intend to investigate the impact of optimal power allocation
between the secondary source and the relay.
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fW (w) =

∫ w

0

fZs
(zs)fZr

(w − zs)dzs

= λrdλsrµd

w(λrdλspµd + λrpλsrµd + λrdλsrw)
(

µd

(

λ2
rdλ

2
sp + λ2

rpλ
2
sr

)

+ λrdλsrw(λrdλsp + λrpλsr)
)

(λrpµd + λrdw)(λspµd + λsrw)(λrdλspµd + λrpλsrµd + λrdλsrw)3

+
2λrpλsp(λrdλsrµd)

2

(λrdλspµd + λrpλsrµd + λrdλsrw)3
log

(

(λrpµd + λrdw)(λspµd + λsrw)

λrpλspµ2
d

)

(22)
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APPENDIX

PDF AND CDF OF W

We recall thatW = Zs + Zr and fZi
(zi) =

λijλip

(λij+λipzi)
2

[16]. Thus, the PDFfW (w) is attained as in (22) and the CDF
FW (w) is obtained by integrating (22) from0 to ǫ

µd
, which

results in (12).
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