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Relaying Systems under Spectrum Sharing
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Abstract—In this paper, assuming a spectrum sharing envi- can operate on either half-duplex or full-duplex modes [3],
ronment, we investigate the performance of a full-duplex dal-  [5]. Specifically, in half-duplex mode, the relay transntsd
hop cooperative cognitive network composed by one secondar yaceives in orthogonal channels, whereas in full-duplexieno
source, one secondary relay, and one secondary destination o . ’ .
where this latter applies joint decoding with the signals reeived the transmission and reception are perfqrmed at Fhe sanee tim
from the source and relay such that the direct link can be and at the same frequency band. Owing to this fact, half-
seen as useful information rather than interference. The décts duplex relays require the use of additional system ressurce
of self-interference at the relay are taken into account in ar \hile full-duplex relays arise as a viable option to allégia
analysis due to the full-duplex relaying nature. Closed-fm  hig proplem. However, although ideal full-duplex relayin
expressions for the outage probability and throughput are @rived . . e L
and insightful discussions are provided. Our results show Hat can qchleve higher C_apacny than half-.du.plex relaying ifs],
the proposed joint decoding fu||_dup|ex dua|_h0p Seconda{ use |ntr0duces Se|f-lntel’fel’ence that IS |nherent to tHb fu
network outperforms its dual-hop full-duplex and joint-decoding duplex approach (please, see [6]-[8] and references therei
half-duplex counterparts, even in the presence of strong #e Nevertheless, the works in [6]-[8] showed that full-duplex
interference. relays can still achieve high performance, even in the piase

Keywords— Cooperative cognitive networks, full-duplex relay- of strong interference levels.

ing, joint decoding, self-interference, spectrum sharing Motivated by the important benefits acquired with cogni-
tive radio and cooperative diversity techniques, severadmt
|. INTRODUCTION works have analyzed the performance of cooperative cogni-

| it di text und ¢ hari tive networks under spectrum sharing constraints [9]-[15]
N a cognitive Tadio context under spectrum sharing cops, ;o to these works is that they assumed that all nodes

stralnt_s, a secondary network may trans_mlt_concurr_ently Wloperate on a half-duplex mode. However, in [16] the authors

the primary one as long as the communication Of_th's Iatterégnsidered a scenario with a full-duplex relay subject 16 se

not cpmprom|sed. For such an operation, a maximum aIIO\ﬁ’fterference. In that work, through the use of a whitening

able interference level at the primary receiver 1s d?f'”‘f“ﬂ afilter, the interference from the primary network was assdime

sec_ondary Users (SL.JS) _should take 'T“O accpunt th|s_thlldash% be approximately Gaussian. With this assumption in mind,

during the transmission in or_der to adjust thelr transmiees 16] performed a closed-form outage analysis for a fulldéup

fo not damage the reception of the primary receiver [1 lual-hop (DH) relaying scheme, in which the self-interfere

[2]. This will allow a more efficient use of the frequency, '

. .~ “Jat the relay was taken into account and the direct link was see
spectrum. On the other hand, cooperative communications -+« ference at the secondary destination

Eﬁ]’ [4] fhave emerfged as an a;!ternatl\ie tecq_r;:qu_g tobbzqs ifferently from all previous works, in this paper we con-
€ performance of communication systems. The idea benifjffy - 5 cooperative cognitive network operating on a spectr

th||s strgtegy dIS tto makel tjse ofhon_e (I)r nlore nodes (?rﬂlg aring scenario with a full-duplex relay subject to self-
relays) in or er 1o emufate a physical antenna array. Nige ference. In particular, this paper differs from [1&cause
the same benefits obtained in multiple-input mqupIe—«nuutpthe secondary destination applies joint decoding with the

systems can also be_ atheved with the_use of smgle-ar?teg[bq‘als received from the relay and from the secondary sourc
nodes through the distributed transmission and procesﬁmg_such that the direct link can be seen as useful information

_the information. In cooperative SyStemS_’ the relay behaV'Pather than interference. Closed-form expressions foiotite

is governed by the so-called cooperative protocols and a'&e probability and throughput are derived and insightful
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that the proposed JD method performs better than the hadfss exponent. Note that the self-interference may reptdise

duplex HD scheme in terms of throughput even in the presenesidual interference after the application of some ieterice

of self-interference. cancelation technique at the relay [8], [18]. We recall that
The rest of this paper is organized as follows. In Section Ithe self-interference is dominated by the scattering camapb

the system model is introduced. In Section lll, an analyticance the line-of-sight component is considerably reduced b

performance analysis of the proposed scheme is carried antenna isolation [8], which leads to in general very small

in terms of outage probability and throughput. In Section I\Walues of\,.,. [6].

representative numerical plots are shown and insightfsd di Due to the spectrum sharing environment, the primary

cussions are provided. Monte Carlo simulations are alse preceiver tolerates a maximum interference level givenIby

sented in order to corroborate the proposed analysis.finaln a spectrum sharing scenario with a full duplex relay, the

Section V concludes the paper. secondary transmitter and the secondary relay transmiit the
messages at the same time. Thus, the primary destination re-
Il. SYSTEM MODEL ceives interference from both transmitters simultangousir

. . . this case, the transmission powers of the secondary tréesmi
Consider a cooperative cognitive network (CCN) compos%%d secondary relay must be constrained as [16]
by one secondary source one full-duplex secondary relay

r, one secondary destinatiaf) and one primary receivey, |hsp|2 P+ |th|2 P.<I. (3)

as depictetl in Fig. 1. The CCN operates on a spectrum

sharing environment and the transmit power constraints wlls in [16], we consider an equal power allocation scheme
be detailed later. The quasi-static fading channel betwesmch that the secondary transmitter and the secondary relay
transmitter; and receiverj is denoted byh;;, i € {s,r} and have their respective transmit powers limited by

j € {r,d,p}. All channels undergo independent identically

distributed (i.i.d.) Rayleigh fading, thuh,;|? follows an S S S @)
exponential distribution with mean poway;. 2 |hspl 2 |hey|
e Finally, in what follows, we denote the attempted inforroati
-7 /,4 rate at the secondary network &s
-7 ’ p
hsp,/ I'I I1l. OUTAGE AND THROUGHPUT ANALYSIS
. Py | In this section, we present the outage probability and
) Interference, throughput analysis for the proposed full-duplex JD reigyi
; J scheme. Additionally, we also include the outage and thneug
’ L S put formulations for the cases of full-duplex DH and HD joint
’ .- h \ S . . . .
! - sd ~ decoding schemes, which are already known in the literature

mhwm and which are used as benchmarks for the proposed scheme.
S

. The derivations are included for the sake of completeness.

r Let us first define outage probability as the probability of
a failure in the communication between nodeand j [19].
Therefore, an outage can be defined as the event that the mu-
Fig. 1. System model: an underlay cooperative cognitivaevolt with a tual information,Z;;, |S_Iower th"_m the attem_pted tran5m|55|0_n
full-duplex relay. rate R. Thus, assuming a unitary bandwidth and Gaussian
) ) inputs, the outage probability is given by [3]
The received signals at the secondary relay and at the

LS . hii 2P,
secondary destination can be expressed, respectively, as Oy = Pr[T; < R] = Pr {lo& (1 n | ]7\|7 ) < ’R] G
yr:VPshsrxs+VPrhrrxr+nra (1) 0
Ya =V Py hoa T + /Py hea s + na, (2) WherePr[d] is the probability of event.

whereP; is the transmit power of the nodex; is the message _ _
sent by the node, k., denotes the fading coefficient of theA. Full-Duplex Joint Decoding (JD)

self-interference at the full-duplex relay,; ~ CN(Q,aﬁ) In the case of the proposed cooperative communication
stands for the additive white Gaussian noise at npdeth  g.neme with the help of a full-duplex relay and with joint

. y . . ) _ -dur with
varianceo;, = No, where N is the one-sided noise powergecoding at the secondary destination, the mutual infdemat

i _ 1 i i . .
spectral density. Moreoveh;; = 5=, with d;; being the ¢4 the |ink between the secondary transmitter and the relay
distance between nodésand j, and « represents the path .5, pe written as

1Since our analysis focused on the secondary communicatierassume |hsr|2 P,
that the primary transmitter is far from the secondary netwsuch that the TP =log, | 1+ — |, (6)
interference can be seen as noise [17]. | |” Pr + No
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while the mutual information for the link between the relaylso, it can be seen tha®D = Pr [Z0H < R] is written
and the secondary destination is given by as in (10), whileO2H = Pr[ZDH < R] is also given as in
. P, |hsd|2 . p |hm|2 (10) but performing the following substitutionsg;.. by A4,
Irg =logy | 1+ .

(7)  Asr DY Argy Agp DY Ay, @nd Ay, by Ay
No Finally, the throughput of the full-duplex DH scheme is

Note that in (7) the signals coming from the secondatfitten as

transmitter and the relay are seen as useful information at Tor = R(1 = Opn). (16)
the secondary destination. Moreover, also note that tHe sel
interference at the relay is taken into account in (6). C. Half-Duplex Joint Decoding (HD)
The overall outage probability of the proposed JD schemeln the half-duplex HD scheme, the secondary transmission
becomes then occurs in two time slots. In the first time slot, the source
O,p =Pr [mm (I;JTD7I;IdD) < R] broadcasts its message to the relay and to the secondary

D ID destination, while in the second time slot the relay retnaitss
=1- (1 —Pr [IST < R]) (1 —Pr [Ird < RD the source message if correctly decoded and if requested by
=0/P 1+ 0/P - 0lPo/D. (8) the secondary destinatiiriThus, at the secondary destination
Jpoth messages are combined and jointly decoded.

Based on the above discussion, and making the appropriate
substitutions, the mutual information of tise ands-d links

The exact solution of (8) is very intricate. Thus, let us fir
rewrite O/P as

Zs i
Hr , IHP = log, <1 + %) . (17)
where the random variablé are defined ag; = I'Z?f“% with 0
ip
1 = {s,r} andj = {r}, whose probability density function As the messages from the source and the relay are jointly
(PDF) is given byfz, (z) = (X’XJ%)Q [16]. Note thate = decoded at the destination, the mutual information ofrtie
ij ipRi . .
2R —1andy, = I/(2Ny). Keeping this in mind, we can write link is
the outage probability of ther link as in (10). On the other P, |hsd)® + P |hra]?
hand,0/P can be determined as I7” =logy | 1+ No - (18)
ojf = Pr |:Zs + 7. < i} , (11) The outage probabilities of ther and s-d links can be
Hd expressed as
wherepy = p,. = I/(2Nyp). Notice that the random variables o€
. hisl2 e - : OffP =pPr[I//P < R] = ——— (19)
are redefined ag; = 72z, with i = {s,r} andj = {d}. ij ij Nip€ + Nijp;

Let us also defindV = Z; + Z,, in which the PDFfy, (w) . HD . .
: P . while Of2% can be written as in (12).
and the cumulative distribution function (CDE)}y (w) have The (;\ierall outage probability( of)the HD scheme can be
been derived in Appendix such that the outage probability Pf )
ST . inally defined as
ther-d link is given as in (12).

Finally, the overall outage probability can be attained by Orpup = OEPOHD | (1- ofDy ol (20)
plugging (10) and (12) into (8). At this point, we define the
throughput as the rate of error-free information transfdrich b
. . - R o
is a function of the overall outage probability and can b%HD —R(1-0OHP) + 5(951[) (1-0HP) (1 _ Y ) .

Moreover, the throughput of the HD scheme is

mathematically written as oap
21
Tip = R(1— Oyp). 13 | . @
Notice that the first term in (21) represents the direct trans
B. Full-Duplex Dual Hop (DH) mission, while the second term corresponds to the cases

In the full-duplex DH scheme introduced in [16], differgntl Where the relay cooperates. \éVe rec%llDthat, making of the
from the proposed full-duplex JD scheme, the direct kk the Bayes rule and becausei” > G, we can define

D .
is seen as interference at the secondary destination. Teis,Pr [Z/}” < RIZ/}P < R| = Ssz Note also that the coeffi-

mutual information of thes-r link is written as in (6), while cient X appears because of the multiplexing loss inherent to

the mutual information of the-d link is now defined as half-duplex cooperative protocols [3]. However, as we abers
hol?2p IDF protocol in the half-duplex relaying scheme, it is still
DH | le r : . . .
Z,q =logy 1+ PPt No ) (14) possible to achieve the same maximum throughRuas in
s s 0

full-duplex schemes.
Note that, as previously stated, the source transmissisees
as interference in (14)_ Then, similarly to the JD case, thezlt is noteworthy that we assume the incremental decodef@meird (IDF)

I babili b . protocol [3], in which the relay only acts if requested by tfestination and if
overall outage probability can be written as the source message was decoded free of error. Note that Ehprtiocol was

_ ADH DH DH ADH chosen as it performs better than the fixed and selectivedéemod-forward
ODH - Osr + Ord - Osr Ord . (15) protocols.
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o (7t
o = /O /0 J2.(2) f 2 (22 dzad,

Nop (op = Arrttn) A€ + ArpAartty = Ar Aspetts) + Arprp Mgy In ((RrRencthartis) })

_ ; . (10
()\rp)\sp6 + AT;D)\srlur - /\rr/\spelur)
ojf = Pr [W < i} = /“d Jw (w)dw
Hd 0
€ (6/\rp)\sp + /\rp/\sd,ud + )\rd/\sp,ud) - )\rd)\sdﬂz In ((9\”)+>\T§I‘Ld))\(,6i\;p+/\5dud))
= Aplsp ra el (12)

(EArpAsp + Arp)\sdﬂd + ATd)\sp,ud)Q

IV. NUMERICAL RESULTS AND DISCUSSIONS

10°0

This section presents some numerical results in ord
to investigate the performance of the proposed full-duple
cooperative cognitive network using joint decoding at th
destination. Moreover, the performance of the proposed .
scheme is compared to the full-duplex DH and half-duple
HD schemes. Monte Carlo simulations have been carried ¢
to verify the accuracy of the analytical derivations. In hets,
we assume the path loss modgl® with exponenta = 4, o DHA <104
whered,, = 1, dy, = 1,dsq = %,d,g = 1,d,, = 1. We also b =107
consider that the relayis centered in a straight line betweer < JDA 7107
s and d, while the attempted secondary transmission rate oD ton
R = 4 bits/s/Hz, andNy = 1. e o -

Fig. 2 shows the outage probability for the proposed J
scheme as a function of the primary interference thresliold
The performance of the HD and DH methods is also showrg- 2. Outage probability for the proposed JD scheme, aedi# and HD

. - hemes, as a function of the primary interference thrdshol
It can be seen that, in terms of outage probability, the HEY
scheme outperforms the DH and JD schemes. Moreover, with
the increment of the primary interference threshold, theg@e the multiplexing gain expected from full-duplex schemesg/ma
of the full-duplex JD and DH methods saturates because of thét be realized.
effect of the self-interference. Therefore, for sufficlgrarge
1, the outage probability of the JD and DH schemes becomes V. CONCLUSIONS
independent off due to a performance floor caused by the In this paper, we investigate the performance of a full-
self-interference at the full-duplex relay. duplex cooperative cognitive network with self-interfiece

In Fig. 3, we analyze the performance of the proposed Hnd subject to spectrum sharing constraints. Assuminghleat
scheme for different values of.,. and withR = 6 bits/s/Hz. secondary network is composed by one source, one relay, and
Note that the performance of the JD method increases withe destination, closed-form expressions were derivethfor
the quality of the interference cancelation at the relayictvh outage probability and throughput. Our results showed, that
is reflected in low values fon,... We recall that the self- even though the half-duplex cooperative cognitive network
interference cannot be completely removed [18], always rpresents the best performance in terms of outage prolyabilit
sulting at least in a small amount of residual self-inteefere. the proposed full-duplex cooperative secondary netwoskiis

In Fig. 4, the throughput for the three schemes is shown. perior in terms of throughput. Moreover, it was shown that th
discussed above, the HD scheme presents better performamoposed full-duplex cooperative secondary network perfo
than the full-duplex schemes (JD and DH) in terms of outadetter in terms of outage and throughput than another known
probability. On the other hand, when we account for thll-duplex scheme that considers the source transmiszson
throughput, the JD scheme considerably outperforms the hiderference at the secondary destination. As a future wiark
and the DH schemes in the whole SNR range. Moreover, natéend to investigate the impact of optimal power allocatio
that the self-interference considerably reduces the pedoce between the secondary source and the relay.
of the full-duplex DH scheme, so that it even looses in
throughput to the half-duplex HD scheme. This shows the ACKNOWLEDGEMENTS
importance of applying joint decoding at the secondaryidest This work was partially supported by University of Oulu
nation in the case of a full-duplex relaying scheme, otheewiGraduate School, Infotech Oulu Graduate School, Academy

.
S,

.
S,

Outage Probability

=
S,

5 10 15 20 25
1 (dB)



XXXI SIMPOSIO BRASILEIRO DE TELECOMUNICAGOES - SBr72013,-4 DE SETEMBRO DE 2013, FORTALEZA, CE

fiv (w) = / " fa (e (w0 — za)dz,

w(Ard)\sde + A7"17)\57"/1Jd + A7"d)\s7"U)) (,LLd
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APPENDIX
PDFAND CDF OF W (7
We recall thatV = Z, + Z, and fz,(z;) = _igdip

(Nij+Xipzi)?
[16]. Thus, the PDFy (w) is attained as in (22) and the CDFy1g)
Fw (w) is obtained by integrating (22) fror to ﬁ which
results in (12). (1]
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