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OPTIMAL SWITCHING ADAPTIVE M-QAM FOR OPPORTUNISTIC AMPLIFY-AND-FORWARD NETWORKS Vo Nguyen Quoc Bao, Hyung Yun Kong, Asaduzzaman, Tran Thanh Truc and Ji-Hwan Park ∗ † School of Electrical Engineering University of Ulsan, San 29 of MuGeo Dong, Nam-Gu, Ulsan, Korea 680-749. Email: {baovnq,hkong,asad78,tttruc,hazarders79}@mail.ulsan.ac.kr ABSTRACT



system capacity, cooperative systems therefore need to be equipped with spectrally efficiency techniques. One way to satisfy this requirement is by using adaptive modulation where it can take advantage of the time-varying nature of wireless channels to transmit data at higher rates under favorable channel conditions and to reduce throughputs as the channel degrades by varying modulation level leading to much higher spectrum efficiency without sacrificing bit error rate (BER) [3].



This paper proposes adaptive discrete modulation (ADM) for opportunistic amplify-and-forward relaying networks, designed to improve system spectral efficiency while still ensuring quality of service (QoS) constraints, i.e., the target bit error rate. Based on the limited feedback signal sent by the destination, the source adjusts the transmitted modulation constellation size according to the total instantaneous received signal-to-noise ratio (SNR) at the destination. To qualify the proposed system performance, we develop performance upper bounds for the outage probability, bit error rate and achievable spectral efficiency. From numerical results, it is confirmed that the analytic results agree closely with the empirical ones and the proposed scheme with optimal switching provides a better spectral efficiency as compared to that with fixed switching at medium SNR regime.



Recently, the effective combination of adaptive modulation and cooperative systems has received much attention in literatures, e.g. see [4, 5, 6, 7]. In particular, the performance of constant-power adaptive five-mode M -ary quadrature amplitude modulation (M -QAM) transmission with an repetition-based amplify-and-forward (AF) relay network is investigated in [4]. Meanwhile, the optimization of the switching thresholds for this network is addressed in [5]. Beside AF relaying, Kalansuriya et al. have recently investigated the performance of a decode-and-forward (DF) cooperative network under optimum and fixed switching adaptive M -QAM over Nakagami-m fading channels in [6]. The analysis results were validated using Monte Carlo simulations showing that optimization of switching levels yields 2 - 3 dB performance gain over fixed switching. More recently, with an aim to reduce the traffic load for relays, Hwang et. al. proposed and quantified the behavior of an incremental relaying protocol based on an amplify-and-forward transmission in conjunction with adaptive modulation in which the relay nodes are involved in the cooperative transmission only if the direct link cannot afford to support the required minimum data rate [7].



1. INTRODUCTION Achieving spatial diversity through the use of wireless relays is emerging as a low-cost effective concept to combat fading in wireless communication systems especially when transmitting or receiving from multiple antennas is unfeasible [1]. This concept is now being considered for cellular coverage enhancement through effort like the IEEE 802.16j [2]. Although cooperative concept provides much advantage in terms of spatial diversity and coverage extension, it may still suffer the loss in spectral efficiency as compared to direct transmission since at least two or more time slots is needed to perform the cooperative communication between the source and the destination. On the other hand, the demand for high data-rate services in wireless networks is growing increasingly in the limited radio spectrum. In order to increase the



To the best of our knowledge, the performance behavior of the opportunistic AF scheme under adaptive modulation has not yet been reported in the literature. In this paper, the analytical expressions for outage probability, achievable spectral efficiency, and bit error rate for opportunistic AF relaying networks over Rayleigh fading channels are derived applicable for independent identically distributed (i.i.d.) and independent but not identically distributed (i.n.d.) Rayleigh fading
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the best relays has the full channel knowledge on hSRi∗ , the amplifying gain G can be determined under the constraint on −1/2  2 the transmit power as G = P 1 |hSRi∗ | + N0 .



channels as special cases. The remainder of this paper is organized as follows. In Section 2, the system model under investigation is described and the upper bound of the effective end-to-end SNR expressed in a tractable form is provided. In Section 3, the system performance metrics in terms of outage probability, spectral efficiency and bit error rate are derived for Rayleigh fading channels. Numerical results are given in Section 4 where the advantage of optimal switching threshold over fixed switching threshold is investigated as well. Finally, conclusions are drawn in Section 5.



2.1. The end-to-end PDF Let us define the effective instantaneous SNRs for S → D, S → Ri and Ri → D links as γ0 = P1 |hSD |2 /N0 , γ1,i = P1 |hSRi |2 /N0 and γ2,i = P2 |hRi D |2 /N0 , respectively. With amplify-and-forward, the equivalent instantaneous dual-hop SNR of the ”best” relay at the destination is γi∗ = arg max1≤i≤N γi where {γi }N i=1 can be shown to be



2. SYSTEM MODEL



γi =



We consider a distributed wireless cooperative network in which the communication between the source node (S) and the destination node (D) is assisted by N relay nodes (R1 , . . . , RN ) employing amplify-and-forward protocol. It is assumed that all terminals are equipped with single antenna and operates in half-duplex mode. Hence, all transmissions are assumed to be orthogonal either in time or in frequency. In this paper, we assume that the cooperative transmission under study occurs over two time slots. In particular, in the first time slot, the source S broadcasts its symbol s with an average transmitted power per symbol P1 to all relays and the destination. During the second time slot, only the best relay having highest instantaneous SNR composed of instantaneous SNRs for the first hop and the second hop is involved in the cooperative transmission with an average transmitted power per symbol P2 . The best relay selection procedure can be implemented by using the distributed timer fashion proposed in [8, 9]. Specifically, the relay will become the ”best” relay in the second time slot if its timer expires first while other relays discard the received signals after receiving this node transmission. Since AF relaying is employed, the best relay, indexed by i∗ , simply amplifies the received signals with an amplifying gain G and forwards the resultant signal to the destination. Let us denote the channel gains corresponding to the links of S → D, S → Ri and Ri → D as hSD , hSRi and hRi D , respectively. Due to Rayleigh fading, the respective channel powers, denoted by |hSD |2 , |hSRi |2 and |hRi D |2 , are exponentially distributed with means λ0 , λ1,i and λ2,i , respectively. With the assumption that the additive white Gaussian noise at all terminals is zero mean and variance of N0 , the proposed system can be modeled mathematically by the set of equations as follows:  √ P1 hSD s + nSD rSD = √ • in the first time slot: rSRi∗ = P1 hSRi∗ s + nSRi∗ √ • in the second time slot: rRi∗ D = P2hRi∗ D GrSRi∗ + nRi∗ D



γ1,i γ2,i γ1,i + γ2,i + 1



(1)



To assist the tractability of the analysis, (1) can be approximated at high SNRs as γi ≈ min(γ1,i ; γ2,i ) [10, 11]. Since γ1,i and γ2,i are exponentially distributed random variγ1,i = 1/(P1 λ1,i ) and ables with hazard rates μ1,i = 1/¯ γ2,i = 1/(P2 λ2,i ), respectively, the minimum of μ2,i = 1/¯ two independent exponential random variables is again an exponential random variable whose hazard rate equals to the sum of the two hazard rates [12, p. 195, eq. (6.82)], i.e., γ ¯ +¯ γ2,i μi = μ1,i + μ2,i = γ¯1,i ¯2,i . For brevity, by introducing 1,i γ γ¯i =



1 μi



=



γ ¯1,i γ ¯2,i γ ¯1,i +¯ γ2,i ,



we have fγi (γ) = γ



Fγi (γ) =



1 −γ/¯γi e γ¯i



(2a)



fγi (γ)dγ =1 − e−γ/¯γi



(2b)



0



Under the assumption that all relaying links are subject to independent fading, thanks to [13, eq. (9)], the compact form of the PDF of γi∗ is written as fγi∗ (γ) =



N  i=1



(−1)



i−1



N  n1 ,...,ni =1 n1 


1 − χγ e i χi



(3)



−1  i where χi = ¯n−1 . With maximal-ratio combining l=1 γ l technique at the destination, the total instantaneous SNR at the output of the maximal ratio combiner is given by γΣ = γ0 + γi∗



(4)



To facilitate the derivation of the PDF of γΣ , the moment generating function (MGF) approach could be used. Assuming the independence of γ0 and γi∗ , the MGF of γΣ can be written as



where rAB = rA→B denotes the received signal at B sent by A and nAB is the additive noise. Under the assumption that



MγΣ (s) = Mγ0 (s)Mγi∗ (s)
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where Mγ0 (s) and Mγi∗ (s) are MGF functions of γ0 and γi∗ , respectively, given by



3.1. Outage Probability



−1



Mγ0 (s) = (1 − s¯ γ0 ) N 



Mγi∗ (s) =



(−1)



i−1



N 



3. PERFORMANCE ANALYSIS



(6a) −1



(1 − sχi )



According to the operation mode of ADM, the source will stop transmitting since the total received signal cannot satisfy the desired bit error rate, BERT . In other words, the system suffers an outage probability equal to the probability of the end-to-end SNR falls below γT1 , given by



(6b)



n1 ,...,ni =1 n1 


i=1



where γ¯0 = P1 λ0 . Replacing (6a) and (6b) into (5) and then using the partial fraction expansion of the MGF along with the inverse Laplace transforms, the PDF of γΣ is determined as follows: fγΣ (γ) =



N 



(−1)



i−1



p(¯ γ0 , χi ) =



⎧  ⎨ ⎩



p(¯ γ0 , χi )







γ ¯0 γ ¯0 −χi







γ 1 − γ¯0 i + χiχ−¯ γ ¯0 e γ0 γ γ − γ¯0 e γ ¯02







γ 1 − χi χi e



Pr(γΣ 



 =



1 γT



0



fγΣ (γ)dγ = π0



(9)



3.2. Achievable Spectral Efficiency



(7)



In ADM systems, the achievable spectral efficiency can be derived as a weighted sum of the data rates corresponding to each region of [γTk γTk+1 ]. Thus the end-to-end achievable spectral efficiency for the proposed system can be written as



n1 ,...,ni =1 n1 


i=1



with



N 



OP =



γT1 )



, χi = γ¯0 , χi = γ¯0



ASE =



K−1 B  m k πk 2



(10)



k=1



2.2. Adaptive M -QAM Modulation



Δ



where mk = log2 Mk and B is the system bandwidth. The factor 1/2 is included to reflect the fact that data transmission takes place in two time slots.



The objective of adaptive modulation is to choose the rate that maximizes the system spectral efficiency while maintaining an average BER less than or equal to the target BER, BERT . To perform K-mode adaptive M -QAM modulation, the range of effective received SNR at the destination is partitioned into K non-overlapping regions determined by a set of 0 K K + 1 switching thresholds, {γTk }K k=0 with γT = 0 and γT = +∞. Based on the region in which the total instantaneous received SNR falls, the destination determines the appropriate rate (e.g., constellation size), namely if γTk ≤ γΣ < γTk+1 with k ≥ 1, Mk -QAM will be used, otherwise the source will keep silent, and then feedbacks this information to the source through a feedback channel. For a K-mode adaptive scheme, the probability of each mode is



3.3. Bit Error Rate Taking into account the use of different modulation levels as well as the effects of fading, the average bit error probability of the system under ADM is defined as the ensemble average of effective bit error rate relative to each region of [γTk γTk+1 ]. Therefore, we have K−1 k=1 mk BERk BER =  (11) K−1 k=1 mk πk in which BERk denotes the average BER in a specific region of [γTk γTk+1 ], given by



γk+1



πk =



fγΣ (γ)dγ







γk



=



N  i=1



with (γ) =



⎧ ⎨ ⎩



γ ¯0 γ ¯0 −χi







(−1)



i−1



N   (γTk+1 )−(γTk )



BERk = (8)



n1 ,...,ni =1 n1 


    γ − γ i −e− γ¯0 + χiχ−¯ −e χi γ 0   γ − 1 + γ¯γ0 e− γ¯0



, γ¯0 = χi , γ¯0 = χi



and it is obvious that at least log2 K bits of feedback signal is required to convey the proper rate information for the source. To simplicity, we assume that the feedback channel is errorfree with significantly low latency.



k+1 γT



k γT



PbQAM (mk , γ)fγΣ (γ)dγ



(12)



where PbQAM (mk , γ) denotes the approximate BER expression of both rectangular and non-rectangular Mk -QAM with Gray code mapping in AWGN channels [14, eq. (9.31)], namely   βk γ (13) PbQAM (mk , γ) ≈ αk Q where αk =



 1 4/mk



 , mk = 1, 2 2/mk , mk = 1, 2 , βk = , mk ≥ 3 3/(2mk − 1) , mk ≥ 3
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Substituting (7) and (13) into (12) yields  BERk



≈ =



4. NUMERICAL RESULTS AND DISCUSSION



k+1 γT 



αk Q( βk γ)fγΣ (γ)dγ



k γT



N 



(−1)



N 



i−1



Ωki



In this section, we present some numerical examples to examine the accuracy of our formula derived above as well as to study the behavior of the proposed scheme in terms of outage probability, achievable spectral efficiency and bit error probability. Specifically, the network with 1, 2 and 3 relays is considered employing five-mode adaptive M -QAM [4, 5, 6, 15] as illustrated in Fig. 1. Furthermore, for a fair of comparison, uniform power allocation is used, i.e., P1 = P2 = PDT /2 where PDT is the transmit power of the source in case of direct transmission.



(14)



n1 ,...,ni =1 n1 


i=1



with ⎧  γ ¯0 k+1 k ⎪ ⎪ γ ¯ −χ ⎨  0 i  I1 (αk , βk , γ¯0 , γT , γT )+ k χi k+1 k Ωi = ) χi −¯ γ0 I1 (αk , βk , χi , γT , γT ⎪ ⎪ ⎩ k+1 k I2 (αk , βk , γ¯0 , γT , γT )



, χi = γ¯0 , χi = γ¯0



and In (αk , βk , γ¯ , γTk , γTk+1 ) is illustrated  ∞at the top of the next page [15, eq. (51)] where Γ(a, x) = x ta−1 e−t dt [16, eq. 8.35-2].



10



3.4.1. Fixed Switching Thresholds



10



−1



Fixed switching



−2



(16)



−3



10



Optimal switching



−4



10



−5



10



N=1 Analysis N=1 Simulation N=2 Analysis N=2 Simulation N=3 Analysis N=3 Simulation



−6



3.4.2. Optimal Switching Thresholds



10



From (16), it can be observed that the fixed switching threshold can be used for ensuring that the instantaneous BER always remains below a certain threshold. However, the actual average BER of the proposed scheme with fixed switching levels is not constant across the SNR range implying that the average throughput could be potentially improved further. In order to derive the optimum switching threshold that still meet the target BER while maximizing the average spectral ASE subject to BER ≤ BERT , efficiency, i.e., max{γTk }K k=0 the Lagrangian optimization technique may be used. Specifically, by using the constraint functions derived in [15, eq. (34)-(35)], the set of K − 1 optimized switching thresholds for a particular average transmit power and target BER could be found by solving K − 1 nonlinear equations as follows:



10



−7



0



5



10 15 Average SNR [dB]



20



25



Fig. 2. Outage probability for opportunistic cooperative networks under adaptive transmission (N = 3, λ0 = 1, λ1,i = 2 and λ2,i = 3 for all i). In Fig. 2, we compare the analytical outage probability results with the simulation results. As can be clearly observed, they are in good agreement, especially at high SNR regime. Furthermore, the systems under fixed switching thresholds suffer more outage than the systems under optimal ones with the same setting conditions. Fig. 3 shows the achievable spectral efficiency of the proposed scheme for both cases of optimal and fixed switching thresholds. The theoretical Shannon capacity of the proposed system provided in [17, eq. 18] is plotted as a reference. It is clear that the optimum switching thresholds offer higher spectral efficiency in medium SNR regime as opposed to the fixed switching thresholds. For example, performance gain of 2 - 3



K−1 



m k πk = 0 k=1 ⎩ k=1 1 y1 (γT ) − yk (γTk ) = 0; k = 2, · · · , K − 1 where yk (γTk ) =



HT5  d



10 Outage Probability



  2 BERT 1 −1 = , k = 1, . . . , K − 1 Q βk αk



mk BERm − BERT



HT4



0



From (13), the fixed switching thresholds relative to M -QAM can be straightforwardly found by setting to the SNR required to satisfy the target BER as follows:



⎧  ⎨K−1



HT3



HT2



Fig. 1. Five-mode adaptive discrete modulation.



3.4. Switching Thresholds



γTk



H4



HT1



HT0  0



(17)



k−1 k mk PbQAM (mk ,γT )−mk−1 PbQAM (mk−1 ,γT ) . mk −mk−1
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√  γ n−1 − γ  γ k+1 c dγ In (αk , ζk , γ¯ , γTk , γTk+1 ) = γ kT αk Q ζk γ Γ(n)¯ γn e T          n−1  −i− 12   γTk+1 (15)  √ γ n−1  (γ/¯γ )i −γ ζk  γ ζk ¯ −i ζk 1 1 1 ζk γ 1 1 1 ¯ Γ i + 2 , 2 + γ¯ γ = αk Q ζk γ 1 − e −2 − 2π i! πΓ 2, 2 i! 2 +γ ¯ i=0
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Fig. 3. Spectral efficiency for opportunistic cooperative networks under adaptive transmission (N = 3, λ0 = 1, λ1,i = 2 and λ2,i = 3 for all i).
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Fig. 4. Bit error rate for opportunistic cooperative networks under adaptive transmission (BERT = 10−3 , λ0 = 1, λ1,i = 2 and λ2,i = 3 for all i).



dB is achieved at R = 2 [bps/Hz] with BERT = 10−3 . However, at high SNRs, the spectral efficiency difference between optimal and fixed switching becomes negligible. In Fig. 4, we study the average BER of the proposed scheme where the target BER is set to 10−3 . It can be observed that under both types of switching thresholds, the average BER is always well below the target BER and hence satisfies the QoS requirement. It is worth remarking that since the average SNR is sufficiently large, i.e., since the BER of the highest order modulation mode is equal to or smaller than the target BER, the adaptive modulation is in-effective. As such, the highest modulation level, i.e. 64-QAM, is always used for data transmission. From Figs. 5 and 6, the performance comparison between repetition-based relay networks and opportunistic cooperative networks under adaptive discrete modulation [5] is performed. We can observe that the number of cooperating relays (N ) has no impact on the bit error probability under a certain threshold, i.e., 30 dB, due to the use of ADM and the system with opportunistic relay selection achieves better spectral efficiency than the repetition-based cooperative system as expected.



adaptive M -QAM over Rayleigh fading channels have been studied enabling numerical calculations without taking timeconsuming simulations. The validity of the analysis has been verified by comparing with the Monte-Carlo simulations and it should be noted that our derived expressions cover the most general case including i.i.d. and i.n.d. Rayleigh fading channels as special cases. Numerical results confirm that adaptive modulation can be used in opportunistic AF relaying networks for mitigating the effects of the channel-quality fluctuations imposed by wireless channels as well as for ensuring the network QoS constraint. 6. REFERENCES [1] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in wireless networks: Efficient protocols and outage behavior,” IEEE Transactions on Information Theory, vol. 50, no. 12, pp. 3062–3080, 2004, 0018-9448.



5. CONCLUSION
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