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Symbol Error Rate of Underlay Cognitive Relay Systems over Rayleigh Fading Channel Khuong HO VAN†a) , Nonmember and Vo Nguyen Quoc BAO††b) , Member



SUMMARY Underlay cognitive systems allow secondary users (SUs) to access the licensed band allocated to primary users (PUs) for better spectrum utilization with the power constraint imposed on SUs such that their operation does not harm the normal communication of PUs. This constraint, which limits the coverage range of SUs, can be oﬀset by relaying techniques that take advantage of shorter range communication for lower path loss. Symbol error rate (SER) analysis of underlay cognitive relay systems over fading channel has not been reported in the literature. This paper fills this gap. The derived SER expressions are validated by simulations and show that underlay cognitive relay systems suﬀer a high error floor for any modulation level. key words: decode-and-forward, cognitive radio, underlay, Rayleigh fading channel



1.



Introduction



Many emerging wireless applications such as video calling, online high-definition video watching, high-speed Internet access through mobile devices, etc. require high transmission spectrum while spectrum resources are very scarce. Countering the perception of spectrum scarcity, the currently licensed spectrum is significantly under-utilized as shown in a recent survey of spectrum utilization made by the Federal Communications Commission [1]. Fortunately, the spectrum usage considerably varies in various time, frequency, and locations. As such, SUs can access the licensed band primarily allocated to PUs whenever PUs are quiescent, dramatically improving the spectrum utilization. In cognitive radio, SUs are generally allowed to use the licensed band unless their operation does not interfere with the normal communication of PUs in three modes: underlay, overlay, and interweave [2]. In the underlay mode, SUs are allowed to use the spectrum when the interference caused by SUs on PUs is within the range tolerated by PUs. In the overlay mode, SUs simultaneously share the same spectrum with PUs while maintaining or improving the transmission of PUs. In the interweave mode, SUs are only permitted to use the empty spectrum left by PUs. This paper considers the underlay mode for low implementation complexity since in order to constrain the interference not to exceed a Manuscript received September 19, 2011. Manuscript revised January 2, 2012. † The author is with HoChiMinh City University of Technology, Vietnam. †† The author is with Posts and Telecommunications Institute of Technology, Vietnam. a) E-mail: [email protected] b) E-mail: [email protected] DOI: 10.1587/transcom.E95.B.1873



certain level in this mode, SUs only need to limit their transmit power according to channel variation while the overlay mode requires the complicated signal processing and coding to reduce the interference on PUs, and the interweave mode demands the eﬃcient and sophisticated spectrum sensing to detect the empty spectrum [3]. Since SUs need to limit their transmit power in the underlay mode, their transmission range is significantly reduced. Relaying techniques, which take advantage of shorter range communication for lower path loss can complement and overcome the above shortage of underlay cognitive systems. Indeed, a secondary source, instead of directly communicating a distant secondary destination with the high transmit power for reliable reception, can ask another SU in between them to relay its information. As such, the shorter communication range between the secondary source and the secondary relay, and between the secondary relay and the secondary destination apparently oﬀers lower path loss for point-to-point communication, requiring lower transmit power (i.e., lower interference level) while still guaranteeing the same accurate data transmission. Among various relaying techniques, decode-and-forward (DF) and amplify-and-forward (AF) have been extensively investigated [4]. In DF, each relay decodes information from the source, re-encodes it, and then forwards it to the destination. In AF, each relay simply amplifies the received signal and forwards it to the destination. Due to its capability of regenerating noise-free relayed signals, DF is selected in this paper. The outage probability of underlay cognitive relay systems with DF was analyzed in [2], [5]. More specifically, [2] proposed a relay selection method and derived the outage probability of underlay cognitive relay systems, where a secondary transmitter is assisted by the selected secondary relay in its transmission to a secondary destination, and [5] extended single-carrier transmission in [2] into multi-carrier one. Since outage probability serves as a lower bound to the frame error rate for block fading environment, in which the channel is constant over a block and is independent from one block to another [6], outage probability analysis can provide an insight into the theoretic-information performance limit and motivate code design to reach such a limit. As another performance metric, SER shows the real (i.e., not a limit) system performance for a given target spectral efficiency (i.e., modulation level). However, few works on SER analysis of cognitive relay systems have been reported in [7], [8]. A common feature of these works is not to in-
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vestigate the power constraint of the secondary transmitters (i.e., source and relay), which is strictly required in the underlay cognitive relay systems. In this paper, we derive SER expressions for such systems. The oﬀered expressions are in the form of single integrals, which are straightforwardly computed via numerical methods, or approximated in the form of the exponential integral function, an integral part of most computation programs. These expressions are validated by simulations and show that underlay cognitive relay systems suﬀer a high error floor for any modulation level. Therefore, it is implicitly inferred that underlay cognitive relay systems may not be a good candidate for improving spectrum utilization and coverage extension.



transmit power is imposed by two constraints: interference constraint, Pt ≤ IT /|htP |2 , and maximum transmit power constraint, Pt ≤ Pm , where IT is the maximum interference level that PU still operates reliably and Pm is the maximum transmit power. In other words, Pt ≤ min(IT /|htP |2 , Pm ). Consequently, the actual transmit power can be lower than the maximum one (i.e., when IT /|htP |2 ≤ Pm ), resulting in the coverage range of the secondary transmitter in underlay cognitive systems less than that in other ones (e.g., interweave cognitive systems). Due to DF, the eﬀective received signal-to-noise ratio (SNR) at the secondary destination is given by [2], [10]



2.



where γtr = Pt |htr |2 /N0 = min(IT /|htP |2 , Pm )|htr |2 /N0 is the SNR of the t − r link. The minimum in (3) is due to the fact that the channel capacity of the system is limited by the worst link. The average SER of BPSK and square M-QAM with M = 4k (k = 1, 2, . . .) modulation schemes††† are expressed, respectively, as [11]  ∞   Q 2γ fγDF (γ) dγ, Pe,BPSK = (4) 0  ∞ √  Pe,M−QAM = 4K Q gγ fγDF (γ)dγ 0  ∞ √  2 Q2 gγ fγDF (γ)dγ, (5) − 4K



System Model and SER Derivation



The underlay cognitive relay system model under consideration is depicted in Fig. 1, where a secondary relay R assists the transmission of a secondary source S to a secondary destination D, and both S and R use the same spectrum as a primary user P. The direct communication between S and D is bypassed, which may be reasonable in scenarios, where S and D are too far apart or their communication link is blocked due to severe shadowing and fading. Assume the channel between any pair of transmitter and receiver experiences independent block frequency-flat Rayleigh fading (i.e., frequency-flat fading is invariant during one phase but independently changed from one to another) and is known only at the receivers. Therefore, the channel coeﬃcient between the transmitter t ∈ {S, R} and the receiver r ∈ {R, D, P}  is htr ∼ CN 0, λ1tr = dtr−α † , where dtr is the distance between the two terminals and α is the path-loss exponent [9]. A relaying time interval consists of two phases. In the first phase, S transmits a modulated symbol xS . R demodulates the received signal from S and re-modulates the demodulated symbol as xR †† before forwarding to D in the second phase. The signals received at R and D can be expressed as  (1) yS R = PS hS R xS + nS R ,  yRD = PR hRD xR + nRD , (2) where ytr denotes a signal received at the node r from the node t, ntr ∼ CN(0, N0 ) is additive white Gaussian noise at node r, and Pt is the transmit power of the node t. In the underlay cognitive relay systems, the SU t’s



γDF ≈ min(γS R , γRD ),



(3)



0



where fγDF (γ) is the probability density function (PDF) of √ γDF , K = 1 − 1/ M, and g = 3/(M − 1). We now derive fγDF (γ) to have explicit expressions for (4) and (5). The cumulative distribution function (CDF) of utr = N0 γtr = min(IT /|htP |2 , Pm )|htr |2 can be borrowed from [2, Eq. (8)] ⎛ ⎞ ⎜⎜⎜ ue− κtrPλmtr IT ⎟⎟⎟ λtr u ⎜ Futr (u) = ⎜⎜⎝ − 1⎟⎟⎟⎠ e− Pm + 1, (6) u + κtr IT Δ



where κtr = λtP /λtr . Hence, the derivative of Futr (u) results in the PDF of utr as ⎛ ⎞ κtr λtr IT κtr λtr IT λtr u ⎟⎟⎟ λtr u κtr IT e− Pm e− Pm λtr ⎜⎜⎜⎜ ue− Pm ⎜⎜⎝ − −1⎟⎟⎟⎠ e− Pm . (7) futr (u) = 2 Pm u+κtr IT (u+κtr IT ) Since uS R and uRD are statistically independent, the PDF of μDF = min(uS R , uRD ) can be expressed as [12, p.195] fμDF (μ) = fuS R (μ) + fuRD (μ) − fuS R (μ)FuRD (μ) − FuS R (μ) fuRD (μ).



(8)



Due to γDF = μDF /N0 , the PDF of γDF is fγDF (γ) = †



Fig. 1



System model.



h ∼ CN(m, v) denotes a m-mean circular symmetric complex Gaussian random variable with variance v. †† E{|xt |2 } = 1 with t ∈ {S , R}, where E{·} is the expectation. ††† The average SER of other modulation schemes such as MPSK can be derived in the same approach.
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N0 fμDF (N0 γ). After careful manipulation, we obtain   L B C E −Hγ fγDF (γ) = e + A+ , (9) + + γ+G γ+J (γ+G)2 (γ+J)2 where ρS R =



λS R Pm /N0 ,



ρRD =



λRD Pm /N0 ,



and



H = ρS R + ρRD , κRD κS R ,Q = , W= κS R − κRD κS R − κRD G = κS R IT /N0 , J = κRD IT /N0 ,   A = H e−(GρS R+JρRD) −e−GρS R − e−JρRD +1 ,   B = (GρS R + JρRD ) e−GρS R 1 − We−JρRD ,   C = (GρS R + JρRD ) e−JρRD 1 + Qe−GρS R ,   E = Ge−GρS R 1 − We−JρRD ,   L = Je−JρRD 1 + Qe−GρS R . Inserting (9) into (4) and (5) results in Pe,BPSK = Ag0B (H, 2)+Bg1B (G, H, 2)+Cg1B (J, H, 2) + Eg2B (G, H, 2)+Lg2B (J, H, 2), (10) Pe,M−QAM = Ag0M (H, g, K)+Bg1M (G, H, g, K) + Cg1M (J, H, g, K) + Eg2M (G, H, g, K) + Lg2M (J, H, g, K) , (11) where g0B , g1B , g2B are shown with the help of [13, Eq. (3.310)], [13, Eq. (3.352.4)] and [13, Eq. (3.353.3)] as follows:  ∞   e−bx Q βx dx (12a) g0B (b, β) = 0   2 1 3 ≈ + , (12b) 4 3 (2b + β) 3b + 2β  ∞ 1 −bx    e Q βx dx (13a) g1B (a, b, β) = x+a 0   ⎡    ⎤ β ⎥⎥⎥ −a b + β2 1 ⎢⎢⎢⎢ 13 ea b+ 2 Ei ⎥⎥⎥ ,     ≈ − ⎢⎢⎣ (13b) 2β 4 +ea b+ 3 Ei −a b + 2β ⎦ 3  ∞   1 e−bx Q βx dx (14a) g2B (a, b, β) = 2 0 (x + a) ⎡  ⎤   β    β  β ⎥⎥⎥ 1 ⎢⎢⎢⎢ 13 b + 2 ea b+ 2 Ei −a b+ 2 ≈ ⎢⎢⎣  2β  a b+2β   2β  4 ⎥⎥⎥⎦ , (14b) 4 + b+ e 3 Ei −a b+ + 3



3



3a



and g0M , g1M and g2M are shown at the top of the next page. Here the exponential integral function Ei(x) is defined ∞ e−t in [13, Eq. (8.211)] as Ei(x) = − ∫−x t dt, which is a built-in function in most computation softwares (e.g., Matlab). In order (12a)–(17a) by (12b)–(17b), we apply    √ toapproximate 1 1 − β2 x − 2β x 3 +e in [14, Eq. (14)]† . It is noted Q βx ≈ 4 3 e that single integrals in (12a)–(17a) can be numerically evaluated. SER obtained from (12a)–(17a) is called Numerical 1 and from (12b)–(17b) is called Numerical 2.



Fig. 2



3.



Variation of transmit power of S over time (α = 3).



Illustrative Results



For illustration purpose, we randomly select user coordinates: P at (0.7, 0.5), S at (0, 0), R at (0.6, 0.2), and D at (1, 0). To have an insight into the variation of transmit power in underlay cognitive relay systems, Fig. 2 shows an exam  ple of PNS0 = N10 min |hSITP |2 , Pm = min NIT0 |h 1 |2 , PNm0 (i.e., SP the ratio of the transmit power of S to the noise variance) versus time index (i.e., the time that hS P is generated) for specific values of PNm0 = 20 dB and NIT0 = 15 dB. It is seen that the transmit  power is varied over time and limited to IT , Pm |hS P |2



min



. For instance, at the time index = 1, we see



|hS P | = −0.435 dB and thus, PNS0 = min (15 + 0.435, 20) = 15.435 dB. Then, the interference that the primary user suffers is PNS0 (dB) + |hS P |2 ( dB) = 15 dB ≤ NIT0 . As another instance, at the time index = 7, we have |hS P |2 = −6.489 dB and PNS0 = min (15 + 6.489, 20) = 20 dB. Then, the interference that the primary user suﬀers is PNS0 (dB) + |hS P |2 (dB) = 20 dB − 6.489 dB = 13.511 dB ≤ NIT0 . Generally, since Pm IT 2 N0 = 20 dB and N0 = 15 dB, if |hS P | < −5 dB, then PS PS IT 1 N0 = 20 dB. Otherwise, N0 = N0 |hS P |2 . Figure 3 compares simulated and numerical results for diﬀerent modulation levels and α = 3. Pm /N0 varies from 0 dB to 30 dB while IT /N0 is fixed at 15 dB. It is seen that both analytical results (Numerical 1 and 2) are well matched with simulated ones, especially Numerical 1, for any modulation level (BPSK, 4-QAM, 16-QAM) under consideration. Additionally, the results show that underlay cognitive relay systems quickly reach a high error floor. This implicitly means that the improved spectrum utilization and coverage extension, which these systems achieve can not tolerate the SER performance degradation. In other words, underlay cognitive relay systems seem not to be a good candidate for enhancing spectrum utilization and coverage extension. The error floor comes from the fact that the transmit power is limited by the minimum of the maximum interference level, IT , and the maximum transmit power, Pm . As 2



†



√ erfc(z) = 2Q( 2z).
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∞



g0M (b, β, K) = 4K



  e−bx Q( βx)dx − 4K 2



0



≈ 4Kg0B (b, β)− 



∞



 e−bx Q2 ( βx)dx



0



2



(15a)







4 K 1 3 + , + 4 9 (b + β) 3b + 4β 6b + 7β



(15b)



 ∞ 1 −bx    1 −bx 2    e Q βx dx − 4K 2 e Q βx dx x + a x + a 0 0    4β K2   a b+ 3 1 a(b+β) ≈ 4Kg1B (a, b, β) + Ei (−a (b + β))+e Ei −a b + 9e 4



g1M (a, b, β, K) = 4K



 g2M (a, b, β, K) = 4K 0



∞



∞



1 (x + a)



e−bx Q 2



≈ 4Kg2B (a, b, β) −



Fig. 3



Fig. 4



K2  4



   βx dx − 4K 2



∞



0



1 (x + a)



b+β a(b+β) Ei (−a (b + β)) + 9 e



2



e−bx Q2



 b+



4β 3







e







  4β a b+ 3



7β    a b+ 6 Ei −a b + + 23 e



7β 6











,



(16b) (17a)



  Ei −a b +



Fig. 5



4β 3







+



  7β    6b+7β a b+ 6 e Ei −a b + 7β + 16 9 6 9a







.



(17b)



SER versus α (Pm /N0 = 40 dB, IT /N0 = 15 dB).



ment and Numerical 1 is more accurate than Numerical 2. Additionally, the SER performance is improved with respect to the increase in IT . This is obvious since IT imposes a constraint on the transmit power and the higher IT , the higher the transmit power, eventually enhancing communication reliability. Figure 5 demonstrates the impact of the path loss on the SER performance with Pm /N0 = 40 dB and IT /N0 = 15 dB. Typical values of the path loss exponent α = 2, . . . , 5 are illustrated. This figure shows a good agreement between numerical and simulated results. Additionally, the performance of underlay cognitive relay systems is degraded as α increases. This is because the distance between any pair of transmitter and receiver under consideration is less than 1. Therefore, the higher α, the higher the path loss and the lower the performance. 4.



such, when Pm exceeds a certain value (e.g., around 15 dB in Fig. 3), the transmit power is completely controlled by IT , resulting in the same SER for any increase in Pm . Figure 4 investigates the eﬀect of IT on the SER performance with α = 3. We fix Pm /N0 at 40 dB. Similarly to Fig. 3, numerical and simulated results are in good agree-



4β 3







 βx dx



SER versus Pm /N0 (IT /N0 = 15 dB).



SER versus IT /N0 (Pm /N0 = 40 dB).



(16a) 



Conclusion



This paper derives the SER of underlay cognitive relay systems. Simulation results are well matched with numerical ones. Various results demonstrate that underlay cognitive relay systems suﬀer a high error floor for a certain maximum interference level, implying that they may not be suit-
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