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Exact outage probability of cognitive AF relaying with underlay spectrum sharing T.Q. Duong, V.N.Q. Bao and H.-J. Zepernick The exact closed-form expression for the outage probability (OP) of cognitive radio dual-hop amplify-and-forward (AF) relay networks is derived. The tractable expression of the OP, given in the form of elementary functions, readily enables evaluating the effect of primary users on the secondary system performance. It has been shown that the use of AF relaying signiﬁcantly improves the performance of cognitive radio networks compared to its direct transmission counterpart.



Introduction: Cognitive radio with spectrum sharing has signiﬁcantly improved spectrum efﬁciency by allowing secondary users (SUs) to simultaneously share the frequency band licensed to primary users (PUs) without causing any harmful interference on PUs. The performance analysis for cognitive radio with applications to relay networks has gained much attention in the research community [1–8]. In particular, the outage probability for cognitive decode-and-forward (DF) relay networks has been presented in [1–3]. Recently, the issue of relay selection for cognitive DF relay networks has been addressed in [4–7]. It is important to note that all of the above-mentioned works, i.e. [1–7], only considered DF relays. Very recently, the authors in [8] have taken into account the amplify-and-forward (AF) relays to investigate the performance of cognitive relay networks. However, this analysis utilised the bounded signal-to-noise ratio (SNR), i.e. the end-to-end SNR for AF relays is approximated as the minimum SNR among the two hops. As a result, the problem to investigate cognitive AF relay networks equivalently becomes opportunistic DF relays. More importantly, the analysis in [8] has been conducted for the high SNR regime, which is not appropriate for cognitive networks with underlay spectrum sharing (requiring an acceptable level of interference on PUs). To the best of our knowledge, there has been no previous works considering the performance of cognitive AF relay networks. Inspired by all of the above, in this Letter, we derive the exact outage probability for cognitive AF relay networks over non-identical Rayleigh fading channels. Our ﬁnal outage expression is given in a compact form and validated by Monte-Carlo simulations. Utilising the analytical expression, we can evaluate the impact of PUs on SUs’ systems and highlight the advantage of using AF relays for cognitive radio networks over direct transmission. interference link
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Fig. 1 System model for cognitive amplify-and-forward relay networks



System and channel model: We consider a dual-hop spectrum-sharing system with the coexistence of PUs and SUs by sharing the same narrowband frequency as shown in Fig. 1. In the secondary network, for the ﬁrst hop transmission, the SU transmitter (SU-Tx) sends signal x to the SU relay (SU-Relay). To ensure that the SU transmission does not cause any harmful interference on PUs, the transmit power at SU-Tx Ps is set at Ps = I p /|hs,p |2 , where I p is the maximum tolerable interference power at PU and hs,p is the channel coefﬁcient of the link from SU-Tx to PU. As a result, the received signal at the SU-Relay is given by yr = hs,r x + nr , where hs,r is the channel coefﬁcient for the link from SU-Tx to SU-Relay and nr is additive white Gaussian noise (AWGN). Then, the received signal at SU-Relay is ampliﬁed with variable gain G and forwarded to the SU receiver (SU-Rx). Due to power constraint, the SU-Relay should limit its transmitted power to PR = I p /|hr,p |2 , where hr,p is the channel coefﬁcient from SU-Relay to PU. The received signal at SU-Rx is given by yd = Ghr,d hs,r x + Ghr,d nr + nd , where nd is AWGN at the SU-Rx. In this Letter, we consider non-identical Rayleigh fading for all links in which the channel power gain |hu,v|2 is exponentially distributed with E{|hu,v|2} ¼ Vu,v, where u [ {s, r}, v [ {r, p, d}, and



E{.} denotes the expectation. We further assume that all AWGN components have zero mean and variance N0. To derive the amplifying gain G, we utilise the fact that PR = G2 (|hs,r |2 PS + N0 ). Since PS = I p /|hs,p |2 and PR = I p /|hr,p |2 , we can obtain G from the following   |hs,r |2 N0 + . The end-to-end SNR at SU-Rx expression 1/G2 = |hr,p |2 |hs,p |2 I p after the maximum likelihood decoding can be expressed as
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(1)



Exact outage probability analysis: It is important to note that the exact SNR expression given in (1) has not appeared in the literature. For g1 g2 , where notational simpliﬁcation, we write (1) as gd = g + g2 + 1 1 I p |hs,r |2 I p |hr,d |2 g1 = and g2 = . To obtain the statistical characterN0 |hs,p |2 N0 |hr,p |2 istics of gd , we need to ﬁnd the probability density function (PDF) fgn( g) and cumulative distribution function (CDF) Fgn ( g) for n [ X {1, 2}. In other words, we need to ﬁnd the PDF and CDF of Z = a , Y where a is a positive constant; X and Y are two exponentially distributed random variables with parameters Vx and Vy , respectively. The CDF of 1 yz fY (y)dy = 1 − (1 + lz)−1 , Z can be obtained from FZ (z) = 0 FX a Vy where l = . Taking the derivative of Fz (z) with respect to z aVx yields fZ (z) = l(1 + lz)−2 . to derive the CDF With the obtained statistics for gn , we  are now able  1 gg2 + g of gd as Fgd (g) = Fg2 (g) + g Pr g1 ≤ fg2 (g2 )d g2 . By g2 − g applying the change of variable t = g2 − g for the integral, after some algebraic manipulations, the CDF of gd can be given by 1 l2 tdt (2) F gd (g ) = 1 − 2 0 [l1 g(g + 1) + (1 + l1 g)t](1 + l2 g + l2 t) where l1 = (I p Vs,p )/(Vs,r N0 ) and l2 = (I p Vr,p )/(Vr,d N0 ). To proceed further the calculation, we need to solve the following integral 1 w(x)dx I= 0 , where w(x) = b4 x, c(x) = (b2 + b1 x)(b3 + b4 x)2 , and c(x) b1 , b2 , b3 , b4 . 0. To do so, let us rewrite the integrand of I into the partial expansion as follows: 



 w(x) 1 A1 B1 B2 = + + (3) c(x) b1 b4 (x + b2 /b1 ) (x + b3 /b4 ) (x + b3 /b4 )2 where A1 , B1 , and B2 are partial coefﬁcients given by −b2 /b1 b2 /b1 b3 /b4  A1 =   , B1 =   , B2 =  b3 b2 b3 b2 2 b3 b2 2 − − − b4 b1 b4 b1 b4 b1 which then yields,   bb b2 b4 ln 2 4 1 b1 b3 + I= b1 b3 − b2 b4 (b1 b3 − b2 b4 )2



(4)



Finally, from (4) and (2), the CDF of gd can be obtained in closed-form expression as follows: Fgd (g) = 1 −



1 (1 + l1 g)(1 + l2 g) − l1 l2 g(g + 1)



l1 l2 g(g + 1) [(1 + l1 g)(1 + l2 g) − l1 l2 g(g + 1)]2 



 l1 l2 g(g + 1) × ln (1 + l1 g)(1 + l2 g)



−



(5)



The outage probability Pout is deﬁned as the probability that the endto-end SNR gd falls below a given threshold gth. As a result, we have Pout ¼ Fgd ( gth), which immediately follows from (5).
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Numerical results: We consider a linear dual-hop AF relay network in a 2D plane, where all SUs are located in a straight line. Furthermore, the SU-Tx and SU-Rx are located at co-ordinates (0,0) and (1,0), respectively, and their distance is normalised to one. The SU-Relay node is placed half-way between SU-Tx and SU-Rx, i.e. ds,r = dr,d = 1/2. The pass loss of each link follows an exponential-decay model. In other words, the average channel power for the transmission between e node u and node v is modelled as Vu,v = 1/du,v where e denotes the path loss exponent with u [ {s, r} and v [ {p, r, d}. For a typical non-line-of-sight propagation model, we can set e ¼ 4. To evaluate the effect of PU on SU’s networks, we consider three different scenarios in which PU is located at different co-ordinates (0.44, 0.44), (0.55, 0.55), and (0.66, 0.66). We also compare the performance of cognitive AF relay networks and conventional cognitive radio networks, i.e. only direct transmission from SU-Tx to SU-Rx. Hence, it is convenient to provide the outage probability for cognitive radio with direct transmission as (detailed derivations are omitted here due to space limitation) (DT) = Pout



gth I p Vs,d gth + N0 Vs,p



(6)
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As can be observed from Fig. 2, the analytical results obtained from the exact closed-form outage probability given in (5) match very well with simulations, which validates our analysis. For comparison, the performance of cognitive AF relaying substantially outperforms that of direct transmission for all three examples. Approximately, by using the AF relay, a gain of 4.5 dB can be obtained compared to the direct transmission. In addition, the position of PU signiﬁcantly affects the performance of SU’s networks. The best performance can be achieved for the case when PU is located at co-ordinate (0.66,0.66), in which the minimum interference power on PU is satisﬁed among the three representative scenarios.
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Conclusion: We have derived the exact closed-form expression for the outage probability of cognitive AF relay networks under interference power constraint. Our analytical results are valid for non-identical Rayleigh fading channels and provide a powerful tool to assess the effect of PU on the performance of cognitive radio networks with relaying assistance. It has been certiﬁed that the dual-hop relaying is a promising candidate for cognitive radio networks since its performance surpasses the conventional cognitive radio direct transmission.
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Fig. 2 Outage probability of cognitive amplify-and-forward relay networks
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