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Abstract—Cooperative communications via multiple relay nodes is known to provide the benefits of increase diversity and coverage. Simultaneous transmission via multiple relays, however, requires strong coordination between nodes either in terms of slot-based transmission or distributed space–time (ST) code implementation. Dynamically selecting a single best relay out of multiple relays and then using it alone for cooperative transmission alleviates the need for this strong coordination while still reaping the benefits of increased diversity and coverage. In this paper, we consider the design of relay selection (RS) under an imperfect knowledge of long-term channel state information (CSI) at the relay nodes, and we pursue minimax optimization to arrive at a robust RS approach that promises the best guarantee on the worst-case end-to-end signal-to-noise ratio (SNR). We provide some intuitive examples and extensive simulation results, not only in terms of worst-case SNR performance but also in terms of average bit-error-rate (BER) performance, to demonstrate the benefits of the proposed minimax robust RS scheme. Index Terms—Amplify-and-forward (AF), cooperative communications, minimax optimization, power control, relay, relay selection (RS), robustness, worst-case design.
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I. I NTRODUCTION Richness of wireless channels across time and frequency naturally comes from the existence of multiple time-varying propagation paths between the transmitting and receiving ends. Having multiple antennas at either end extends this richness to the spatial dimension as well and provides two fundamentally distinct advantages: an increased transmission diversity and an increased transmission rate [1]. An alternative to exploit the spatial richness of wireless channels is to have cooperative transmission and reception from multiple nodes (acting for instance as relays) that are geographically distributed over an area [2]–[5]. Employing relays for communication between a source and a destination provides increased diversity, owing to the additional paths for the signals to traverse, and increased coverage once the direct link between the source and the destination becomes too weak. Increasing the number of relays helps further, but there are challenges associated with both the possible modes of operation. • If the N relays participate via N orthogonal channels (time or frequency slots), a reduction of spectral efficiency by a factor of N is observed. • On the other hand, if the multiple relays participate via distributed space-time (ST) codes, although optimal performance is observed w.r.t. the diversity multiplexing trade-off (DMT) [5], it requires a priori knowledge of deployment scenario and coordination between relay nodes, besides requiring a higher complexity receiver. A. Relay Selection in a Multirelay Network To circumvent the aforementioned challenges (problems) associated with simultaneously active multiple relays, relay selection (RS), wherein only a single selected relay is put into the active mode, has been proposed as a popular alternative [7]–[12]. RS, while still being able to exploit the richness of wireless channels, enjoys the following benefits: • As compared with the case of orthogonal channels for N relays, only a two-slot-based transmission is needed, thereby reducing the loss in spectral efficiency [11], [12]. • On the other hand, in comparison with the ST-code-based transmission, RS can afford a lesser degree of coordination and a relatively simple receiver. • If the selection is intelligently done and all available transmit power budget is allotted to the “best” of N relays, a superior overall performance is expected [8], [9]. • Selection based on instantaneous channel state information (CSI) has been shown to achieve the same diversity order, as in the case of all relays being active [9]–[12], and an optimal outage performance [10]. An important aspect in RS is its implementation in a practical multinode setup via centralized or distributed mechanisms. A promising approach has been proposed in [9] and [10], where a hand-raisingtype algorithm is devised for autonomously selecting the best relay with respect to any arbitrary selection criteria, including a discussion on alternative mechanisms to obtain the CSI on both hops at each relay node. Consequently, we keep our discussion in this paper focused on the actual RS design problem, and we skip the details of how it can be implemented in a distributed manner [9], [10]. B. Related Work and Our Contribution In this paper, we consider RS based on long-term CSI in a multirelay network with amplify-and-forward (AF) relaying [13], [14]. The
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motivation for basing it on long-term CSI, instead of instantaneous CSI, comes from the practical feasibility of the approach; selection based on instantaneous CSI (even in the case of distributed RS implementation) requires extensive CSI exchange and feedback between nodes [7], [8]. Moreover, selection based on instantaneous CSI may lead to a too often on–off switching of relays. Due to these factors, many relay-employing practical systems, such as Long-Term Evolution, consider selection based on only long-term CSI as feasible [15]. Relay selection based on long-term CSI can be also found in some prior works [16], [17]. It is worth mentioning that, although selection based on long-term CSI cannot fully avoid fast fading, it still reaps the benefits of having multiple relays because the entire transmit power budget is assigned to the “best” of N relays. The main contribution of this paper is to consider RS in the presence of an uncertainty in the long-term CSI at all relay nodes. This has been the subject of study in some recent contributions [18]–[20], where by adopting the stochastic framework for uncertainty, the authors focused on analyzing the impact of uncertain or outdated CSI in terms of outage probability and average symbol error rate. Malick et al. [21] consider the design of robust RS but in the context of decodeand-forward relays, where the problem formulation is fundamentally different (depends on the second hop only if the first hop leads to successful decoding). Thus, to the best of our knowledge, there are contributions that study the impact of uncertainty on RS in an AF relay network, but none of these aims at actually designing RS strategies that are robust to CSI uncertainties. The objective function that we adopt in this paper is to maximize the end-to-end SNR at the destination node, which translates into benefits in terms of bit error rate (BER) performance as well. We invoke the minimax optimization framework to make the selection robust against CSI uncertainties. In this regard, we benefit, at least partially, from the results presented in our recent contribution [22], which deals with the design of robust power control for a single-relay scenario in the presence of imperfect CSI on both hops. In contrast to [22], in this paper, we consider a multirelay scenario, and the task is not only to optimize the power split at each relay but also to select the single best relay incorporating possibly different uncertainty levels at different relays. This paper is organized as follows. In Section II, we describe the system model under consideration. Sections III and IV detail the conventional and proposed approaches for RS in the presence of uncertainty in long-term CSI. In Section V, we present some simulation results that highlight the advantages of the proposed robust approach. Finally, Section VI summarizes the main findings.



loss of generality,1 we assume that all ηRi and ηD have the same variance ση2 . Let s denote the unit power transmit symbol at the source (e.g., from a complex quadrature-amplitude-modulated (QAM) constellation), then, the received signal at the ith relay can be given as √ (1) yRi = αS hSR i s + ηRi √ where αS denotes the amplification factor employed at the source to scale its transmit power. We note that, since s has unit power, the output power at the source terminal is p S = αS .



(2)
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We denote as αRi the amplification factor employed at the ith relay node before retransmission. It should be noted that, with RS in place, αRi = 0 for all i = 1, 2, . . . N , except only for the selected relay with index is . The received signal at the destination yD can be therefore given as yD = =







αRis hRD is yRis + ηD
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With independently fading links, we note that the output power at the selected relay node can be given as







pRis = αRis αS σh2 SR + ση2
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where we take expectations over the noise signal and the short-term channel variations. The objective function that we adopt in this paper is the end-to-end SNR with a single selected relay, which can be expressed as the ratio of the signal power and the effective noise power in the destination signal in (3). Thus, we get the following objective function:
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RD where we assumed independence between all hSR is , his , ηRis , and ηD . With a single selected relay, we consider a network-level power constraint pS + pRis ≤ PT , where is is the index of the selected relay. As shown in the problem setup, for the SNR to be maximized, the sum power constraint should be satisfied with equality, and this can be used to derive an equivalent constraint on αRis via (2) and (4), and reduce the number of optimization variables. By doing so, we obtain



αRis = 



II. S YSTEM M ODEL
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We consider a communication scenario consisting of a source node, a destination node, and N relay nodes. For simplicity of problem formulation, we assume that there is no direct link between the source and destination nodes. Thus, the communication is possible only if at least one of the relay nodes is active. The question whether to employ even a single relay [11], [12] or not is thus outside the scope of this paper. We assume that the links between all nodes are independent Rayleigh fading. Thus, the instantaneous channel coefficients, which and hRD , respectively, for the first and second are labeled as hSR i i hops of the ith relay are zero-mean complex Gaussian distributed. Their second-order characteristics (long-term CSI) are expressed as 2 2 RD 2 | ], respectively, and these σh2 SR = E[|hSR i | ] and σhRD = E[|hi i



i



already include the effect of shadowing and directional antenna gains. Furthermore, we assume that the thermal noise at the relay nodes ηRi for i = 1, 2, . . . , N , and at the destination node ηD are also zero-mean complex Gaussian distributed. For notational simplicity but without



and its back substitution to ϕ ˜ (is , αS , αRis , σh2 SR , σh2 RD ) leads to the modified (simplified) objective function, i.e.,
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which, in addition to the channel power levels σh2 SR and σh2 RD , is



is



crucially depends on the index of the selected relay is and the adopted 1 A scenario with different noise power levels at each node can be easily transformed by appropriate scaling of the channel gains to the one with identical noise power levels at each node.
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power split between the source and the selected relay, which is characterized by amplification factor αS together with (6). These are precisely the two parameters that we would like to optimize in this paper. The second one, i.e., the source–relay power split problem, has been under investigation for the past several years [5], [23], [24] but very often under the assumption of perfect CSI. Under imperfect/uncertain CSI, the problem has been studied in [25]–[27], where the robust counterpart solutions are obtained only as semidefinite problems to be solved numerically or after making some approximations to let the final problems be tractable. As already emphasized, we consider the optimization of (7) under an imperfect knowledge of the long-term CSI σh2 SR and σh2 RD . The i
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Modeling the uncertainty explicitly, we may rewrite the objective function in (7) as
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uncertainty is easily incorporated in our problem setup by explicitly RD setting both uSR is = 0 and uis = 0 for all is = 1, 2, . . . , N . The following theorem presents the result of optimal RS while treating CSI to be perfect and ignoring the presence of uncertainty. Theorem 1: Assuming a perfect knowledge of the long-term CSI on both hops (i.e., ignoring uncertainty), the optimal RS for the maximization of destination SNR, under a total power constraint, is achieved by selecting relay is , which has the highest value of metric ϕ  ,σ ˆh2 SR , uSR ˆh2 RD , uRD (is , αS is = 0, σ is = 0) over all is = 1, 2, . . . , N , is
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In the conventional RS, the presence of uncertainty in the long-term CSI, on which the objective function crucially depends, is altogether ignored. The index of the best relay ibest is then chosen according to the following optimization problem: is=1,2,...,N
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Proof: To solve the conventional RS optimization problem in (10), we first focus on the inner maximization problem identifying the optimal power split between the source and a given relay. We note that, for this inner maximization problem, the constraint region is convex, and the objective function being maximized is concave in αS , thereby establishing that the problem is convex and therefore admits a unique globally optimal solution. The problem can be solved by setting the first-order derivative
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(10) where the inner maximization optimizes the power split between the source and a given relay node, under a total network power constraint, and the outer maximization selects that relay that promises the highest value of the objective function.We note that ignoring the presence of 2 A discussion on mechanisms of estimating and communicating the CSI to each relay node can be found in [8], [9].
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∂αS to zero and by implicitly enforcing the boundary region constraint on αS . After some simplifications, we arrive at the following quadratic equation in αS :
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ˆh2 RD = (βRis − ση2 )/PT leads, Putting σ ˆh2 SR = (βS − ση2 )/PT and σ is   βRi s   √ after some simplifications, to αS = PT
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ing constraint ≤ PT leaves us with only one solution, i.e., the one with a plus sign in the denominator, and its substitution in (6) leads to  αS



III. C ONVENTIONAL R ELAY S ELECTION
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The given objective function explicitly shows the dependence of the end-to-end SNR on the selected relay index, the adopted power split, imperfect CSI on both hops, and, most importantly, the unknown/ uncertain CSI errors. In the sequel, we consider the optimization of the objective function in (9) via: • the selection of the best relay to be put in active mode; • the optimization of the power split between the source and the selected relay; together as part of a single optimization problem, first by the conventional approach of ignoring the uncertainty, and then by the proposed minimax optimization approach to guard against CSI uncertainties.
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where the optimal power split between the source and a given relay,  which is characterized by αS = pS , is given as



i



source of CSI imperfection may be the following:2 • CSI estimation error resulting from any generic (biased or unbiased) estimator employed; • CSI feedback quantization noise (typically unbiased) entering the system whenever the long-term CSI is quantized before its feedback to the node that needs it for metric computation. Thus, for RS (and implicit power split optimization) to be performed, the long-term CSI is assumed to be known only imprecisely ˆh2 RD . The associated uncertainties are labeled as as σ ˆh2 SR and σ i



977



 ) (PT − αS  . =  αR is  2 2 αS σ ˆhSR + ση



(13)



is



  and αR in (2) and (4), we get the optimal power split Substituting αS is pS and pRi , as given in (11) and (12). Once the optimal power split is s determined, the conventional RS is performed simply by choosing the relay that yields the highest value of the objective function after power split optimization, as stated in the theorem’s statement.  We remark that the optimal output power levels at the source and the relay, i.e., pS and pRi in (11) and (12), admit simple s intuitive understanding. Thus, in the case that σ ˆh2 SR = σ ˆh2 RD , we obtain is
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pS = pRi = PT /2, whereas in the extreme case where, for instance, s σ ˆh2 SR  σ ˆh2 RD , we obtain pS ≈ 0 and pRi ≈ PT , i.e., we save most of is
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IV. M INIMAX ROBUST R ELAY S ELECTION The conventional RS, as discussed in Section III, ignores the presence of uncertainty in the long-term CSI on both the hops. This ignorant approach can therefore suffer in at least two distinct ways: • First, because it ignores the presence of uncertainty in CSI (which may be different for different relays), it is likely to make an incorrect choice for RS; the selected relay may be the best choice according to the imperfect (known) CSI but not the best choice according the actual CSI. • Second, even if the RS is not affected by CSI uncertainty, the power split between the source and the selected relay would still be based on CSI that is imperfect and, hence, suboptimal. To circumvent the problems associated with conventional RS based on imperfect CSI, we propose here a robust approach to RS that explicitly incorporates the presence of uncertainty into the respective optimization problems. To this end, we employ the deterministic framework of optimization under uncertainty [28]–[30], which proceeds by treating the uncertainty to be deterministic and assumes it to be belonging to a so-called uncertainty set. We then formulate an inverse optimization (minimization of the objective function) over the uncertain parameter, leading us to the worst-case scenario with respect to the uncertain parameter, and we then pursue the remaining conventional optimization. This minimax approach allows us to arrive at the best possible guarantee on the worst-case performance, and it has been applied to innumerable applications in the field of signal processing for communications [29]–[33]. As applied in our problem setup, the minimax optimization framework can be invoked by incorporating the presence of uncertainty in long-term CSI on both hops at each relay. To this end, we first constrain the uncertainties in (8) to be the members of the following bounded uncertainty sets:
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SNR. To solve the optimization problem in (16), we use the following theorem:3 Theorem 2: Under an imperfect/uncertain knowledge of the longterm CSI of both hops, the optimal minimax robust relay selection for the maximization of destination SNR, under a total power constraint, is achieved by selecting the relay is which has highest value of the metric   ˆh2 SR , uSR ˆh2 RD , uRD ) over all is = 1, 2, . . . , N , where ϕ (is , αS , σ is , σ is is
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the optimal power split between the source and a given relay, characterized by αS = pS , and the worst-case uncertainties are given as pS = PT ⎝
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where • the inner most minimization looks for the overall worst-case uncertainty scenario, • the intermediate maximization optimizes the power split for a given relay, thereby maximizing worst-case SNR, • and finally, the outer most maximization finds the best relay to be selected. Thus, in contrast to the conventional relay selection approach in (10); here we have an extra inner minimization over the uncertainty set of the uncertain parameters. This allows us to first of all arrive at the worst-case scenario, and then pursue the remaining optimizations w.r.t. the worst-case objective function. A direct consequence of this approach is that the selected relay, and the optimized power split are the ones that promise the best possible guarantee on worst-case
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Proof: To achieve the minimax robust relay selection via (16), we first focus on the inner minimization in conjunction with the intermediate maximization problem. Together, they constitute the problem of finding the minimax robust power split between the source and a given relay under a total network power constraint. We note that the RD constraint regions of all optimization variables, i.e., αS , uSR is , uis are all convex and compact. Second, we divide both the numerator and deσh2 RD + nominator of the objective function in (9) by (ˆ σh2 SR + uSR is )(ˆ is
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Thus, we adopt the commonly employed banded uncertainty model [29]–[32] in this paper. This implies that the actual value of the parameter may lie on either side of the nominal value employed in the design [cf. (8)]. The subscripts “lb” and “ub” for lower and upper bounds emphasize that the model needs not to be symmetric. Next, we pose a minimax optimization problem to make the RS strategy robust against CSI uncertainty as follows: ibest = arg max 
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(20) which clearly shows that the objective function in (16) is monotonRD ically increasing function of both uSR is and uis . Hence, the inner SR RD = −ε and uRD minimization is achieved at uSR is is = −εi−lb being i−lb the worst-case uncertainties, as indicated in (19).  and Interesting to note is that the worst case uncertainties uSR is  are independent of the operating point (the power split αS ). uRD is This effectively means that the procedure for carrying out the outer maximization essentially remains the same as in the case of perfect CSI, the only difference being that we now purse the optimization after   ˆh2 SR and σ ˆh2 RD as was the case putting in σh2 SR and σh2 RD in place of σ is



is



is



is



in conventional procedure in Section III. Hence, we eventually arrive at similar closed form expressions for the minimax robust optimal power split pS and pRi as given in (17) and (18). s



3 The uncertainty in the long-term power constraint arising due to the first hop uncertainty is assumed to be negligible here. While the prime reason for this approximation is to make the problem mathematically tractable, we note that it holds well (as confirmed by simulation results in Fig. 4), since no quantization and feedback is needed for the first hop CSI [10]. Note that the objective function still incorporates the uncertainty of both hops.
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Finally, with the power split between the source and a given relay optimized in a minimax robust manner, we proceed for relay selection via the outer maximization. This simply chooses the highest value of the minimax robust optimized objective function value resulting from the inner optimizations, as stated in the theorem’s statement.  It is worth mentioning that for the inner max-min optimization problem in (16), the minimax theorem [34, Th. 2.6.9] holds. To demonstrate this, we may swap the order of inner minimization and maximization operations in (16), and then show that the optimal values are not affected. This means that the proposed minimax robust design for power split provides the best possible guarantees on the worst-case destination SNR under uncertainties in the CSI of both hops. Fig. 1. Comparison of conventional and proposed minimax robust RS schemes in the three sample cases discussed in Section V-A.



V. S IMULATION R ESULTS A. Intuitive Examples Here, we discuss some simple intuitive examples to illustrate the importance of incorporating uncertainty into the RS problem formulation. For an easier interpretation of results, we define normalized = εSR σh2 SR and ρRD = εRD /ˆ σh2 RD (asuncertainty measures ρSR i i /ˆ i i



averaged over a large number of random design uncertainties. To this end, we first consider two scenarios for a three-relay network with the following nominal channel realizations.



suming symmetric uncertainty sets), such that, for instance, in the second hop, ρRD = 0 corresponds to no uncertainty, whereas ρRD = i i 1 corresponds to the maximum uncertainty that leads to a worst-case SNR of 0. Let us consider a three-relay network, with the estimated channel power levels of the first and second hops being σ ˆh2 SR = {1, 2, 3} and



{1, 1, 1}. ˆh2 RD = • Scenario B. First hop σ ˆh2 SR = {3, 6, 9}. Second hop σ
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i
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σ ˆh2 RD = {3, 2, 1}, respectively, for the three relays. It is evident that, i



in the absence of uncertainty, the second relay leads to the highest endto-end SNR. The conventional approach will therefore always select the second relay, regardless of the uncertainty levels. The minimax robust RS, however, does pay attention to the presence of uncertainty. We assume that there is no uncertainty in the first-hop CSI (ρSR = 0), i but the second hop has different uncertainties. Three easy-to-interpret cases are discussed in the following. • Case 1: ρRD = {0.1, 0.5, 0.9}. In this case, the third relay has i an extremely high uncertainty in its second hop; therefore, the minimax robust RS rules it out. A similar argument is likely to hold for the second relay, which also has a relatively high uncertainty in its second hop. Hence, it is quite likely that the minimax robust RS chooses the first relay as the best one. = {0.5, 0.5, 0.5}. In this case, all relays have similar • Case 2: ρRD i normalized uncertainties in their second hop; therefore, the RS is less likely to be affected by incorporation or ignorance of uncertainty. Nevertheless, the performance of the minimax robust approach will still be superior, as compared with the conventional approach, because it incorporates the presence of uncertainty while optimizing the power split between the source and the selected relay. = {0.9, 0.5, 0.1}. This is an exact opposite of • Case 3: ρRD i Case 1. It is quite likely that the minimax robust RS chooses the third relay as the best relay. The worst-case SNRs achieved by the conventional and minimax robust RS in these three cases are shown in Fig. 1 for the case of PT = 10 and ση2 = 1. It can be observed that, while the difference in performance is little for Case 2 (where both approaches agree in the selection of the best relay and differ only in the power split optimization), the performance advantage of the proposed scheme is appreciable in Cases 1 and 3, where the RS decision is also affected by the presence of uncertainty. B. Extensive Simulations Here, we compare the performance of the conventional and minimax robust RS in terms of SNR, BER, and outage probability, which are



ˆh2 RD = • Scenario A. First hop σ ˆh2 SR = {3, 3, 3}. Second hop σ



{3, 2, 1}.
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For each scenario, we generate random uncertainty sets4 for all links characterized by ρRD ≤ ρRD , where ρRD is the normalized i uncertainty level under consideration, and pursue the conventional and proposed minimax robust RS schemes. In Fig. 2, the worst-case SNR averaged over various uncertainty sets is plotted as a function of the normalized uncertainty level for both the schemes. We observe that, in line with the theoretical analysis, the proposed minimax robust RS strategy provides a higher worst-case SNR, with SNR gains lying in excess of 20% at high uncertainty levels. The observation in Fig. 2 that the proposed scheme provides better performance in terms of worst-case SNR is somewhat expected. A more interesting comparison is made now in terms of the average BER performance of the two schemes. To this end, for each design of the conventional and proposed RS schemes (corresponding to particular uncertainty sets), we generate a large number of random (instead of only the worst case) uncertainty realizations from within the uncertainty sets. For each random uncertainty realization, we record the corresponding BER performance for transmission of 16-QAM symbols over a Rayleigh fading channel emulated via the Matlab function berfading. The BER is then averaged over all random uncertainty realizations and over all design uncertainty classes.5 In Fig. 3, we plot the mean BER versus transmit SNR at three uncertainty levels, namely, ρRD = 0.2, ρRD = 0.5, and ρRD = 0.8. We observe that the proposed minimax robust RS yields significantly superior performance. At the reference BER level of 1 × 10−5 , we observe the following possible transmit power reductions, respectively, in Fig. 3(a) and (b): • Scenario A: 0.03, 0.3, and 1.35, respectively, at low, medium, and high uncertainties; • Scenario B: −0.05, 0.1 dB, and 1.12 dB, respectively, at low, medium, and high uncertainties. 4 It may be pointed out that, except for the investigations in Fig. 4, we consider the presence of uncertainty in the second-hop only, to allow an easier interpretation of simulation results. 5 We would like to mention here that we do not consider any explicit modeling of pilot-assisted channel estimation while obtaining the BER curves. Moreover, the impact of channel estimation error at the destination node is not explicitly taken into account in this BER evaluation, but this is likely to only shift the BER curves for both schemes to the right by the same amount.
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Fig. 2. Worst-case SNR performance comparison of the conventional and proposed RS schemes as a function of the uncertainty level, with random uncertainty sets for two nominal channel scenarios. (a) Scenario A. (b) Scenario B.



Fig. 3. Average BER performance comparison of the conventional and proposed RS schemes as a function of the normalized transmit power budget, with random uncertainty realizations from the design uncertainty sets at three uncertainty levels. (a) Scenario A. (b) Scenario B.



It is worth mentioning that the superior average BER performance can be attributed to the fact that the mean BER performance is often heavily dominated by the worst-case SNRs, which the proposed scheme aims to increase. In Fig. 4, we repeat the analysis reported in Fig. 3 with uncertainties considered in the first hops as well. We observe that, at low uncertainty levels, the performance trend in terms of BER performance is almost similar, whereas at medium and high uncertainty levels, the scenario with uncertainties in both hops lead to even higher transmit power reduction gains. The gains for Scenario A are observed to be 0.03, 0.35, and 1.5 dB, respectively, at low, medium, and high uncertainties in Fig. 4. Finally, we consider a relatively large multirelay network with N = 8 relays. The nominal channel gains (long-term CSI) of the first and second hops of each relay are chosen randomly from a lognormal distribution, thereby emulating a snapshot of a real-life multirelay scenario. We select some random uncertainty sets for the second hop of all the relays, and then study the behavior of the conventional and the proposed minimax robust RS in terms of their offered worst-case



SNRs. In Fig. 5, we plot the outage probabilities of observed SNRs for the two schemes for particular SNR thresholds, which are selected in a manner that, at different uncertainty magnitude levels, the outage probability of the minimax robust RS stays constant. A set of curves is thus obtained for different outage probability levels. We note that the outage probability of the conventional RS is close to that of the robust schemes at low uncertainty magnitudes, but it quickly degrades as the uncertainty magnitude increases. VI. C ONCLUSION In this paper, we have investigated the problem of RS under an imperfect knowledge of long-term CSI, and we have proposed a novel approach to RS that incorporates the presence of this uncertainty. Incorporating the presence of uncertainty helps in two distinct ways. First, it avoids making a wrong RS if the uncertainty, in the otherwise best relay, is too high. Second, it allows for a more robust decision on the power split between the source and the selected relay. The proposed approach follows the minimax optimization framework to arrive at an
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Fig. 4. Average BER performance comparison for Scenario A, as in Fig. 3, but with uncertainties considered in the first hop as well, at three uncertainty levels with ρSR = ρRD = ρ.



Fig. 5. SNR outage performance comparison with random design uncertainty sets for a relay network with N = 8 relays with long-term CSI selected from lognormal distribution.
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Pilot Design for Sparse Channel Estimation in OFDM-Based Cognitive Radio Systems Chenhao Qi, Member, IEEE, Guosen Yue, Senior Member, IEEE, Lenan Wu, and A. Nallanathan, Senior Member, IEEE Abstract—In this correspondence, sparse channel estimation is first introduced in orthogonal frequency-division multiplexing (OFDM)-based cognitive radio systems. Based on the results of spectrum sensing, the pilot design is studied by minimizing the coherence of the dictionary matrix used for sparse recovery. Then, it is formulated as an optimal column selection problem where a table is generated and the indexes of the selected columns of the table form a pilot pattern. A novel scheme using constrained cross-entropy optimization is proposed to obtain an optimized pilot pattern, where it is modeled as an independent Bernoulli random process. The updating rule for the probability of each active subcarrier selected as a pilot subcarrier is derived. A projection method is proposed so that the number of pilots during the optimization is fixed. Simulation results verify the effectiveness of the proposed scheme and show that it can achieve 11.5% improvement in spectrum efficiency with the same channel estimation performance compared with the least squares (LS) channel estimation. Index Terms—Cognitive radio (CR), compressed sensing (CS), orthogonal frequency-division multiplexing (OFDM), pilot design, sparse channel estimation.



I. I NTRODUCTION Traditionally, every wireless system is required to have an exclusive spectrum license to avoid interference from other systems or users. However, recent studies have shown that a large portion of the licensed spectrum is underutilized. This has motivated studies on cognitive radio (CR), which allows secondary users (SUs) to utilize the licensed spectrum without interfering with licensed users or primary users (PUs) and also improves spectrum utilization without allocating a new spectrum resource [1], [2]. Orthogonal frequency-division multiplexManuscript received March 25, 2013; revised June 18, 2013; accepted August 6, 2013. Date of publication September 4, 2013; date of current version February 12, 2014. This work was supported in part by the National Natural Science Foundation of China under Grant 61302097, by the Ph.D. Programs Foundation of the Ministry of Education of China under Grant 20120092120014, and by the Huawei Innovative Research Plan. The review of this paper was coordinated by Prof. X. Wang. C. Qi and L. Wu are with the School of Information Science and Engineering, Southeast University, Nanjing 210096, China (e-mail: [email protected]; [email protected]). G. Yue is with NEC Laboratories America, Inc., Princeton, NJ 08540 USA (e-mail: [email protected]). A. Nallanathan is with the Center for Telecommunications, King’s College London, London WC2R 2LS, U.K. (e-mail: [email protected]). Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org. Digital Object Identifier 10.1109/TVT.2013.2280655



ing (OFDM), which has been considered one of the best candidates for the physical layer of CR systems, can efficiently avoid interference by dynamically nulling corresponding subcarriers. Hence, the subcarriers may be noncontiguous in OFDM-based CR systems, and the efficient selection of pilot tones is crucial to the performance of pilot-assisted channel estimation. In [3], the pilot design is formulated as an optimization problem minimizing an upper bound related to the mean square error (MSE), where the pilot indexes are obtained by solving a series of 1-D low-complexity subproblems. In [4], a pilot design scheme using convex optimization together with the cross-entropy optimization is proposed to minimize the MSE. In [5], parameter adaptation for wireless multicarrier-based CR systems is investigated, where the cross-entropy method is demonstrated to outperform the genetic algorithm and particle swarm optimization. However, all of them are based on the least squares (LS) channel estimation. Recently, applications of compressed sensing (CS) to channel estimation, i.e., sparse channel estimation, have shown that improved channel estimation performance and reduced pilot overhead can be achieved by exploring the sparse nature of wireless multipath channels. The sparse channel estimation for OFDM systems has been intensively studied [6], [7], and many CS algorithms, including orthogonal matching pursuit (OMP), compressive sampling matching pursuit, and basis pursuit, have been applied. Therefore, it is natural to extend this technique to OFDM-based CR systems, which can further improve the data rate and flexibility of SUs. However, it also brings new challenges to the pilot design. To the authors’ best knowledge, so far, there has been no study focused on the pilot design for sparse channel estimation in OFDM-based CR systems. Although we can continue to use the same pilot design schemes as LS, e.g., predesigning pilot tones and deactivating those tones occupied by PUs and using the nearest available subcarriers instead, apparently, it is not optimal since it does not benefit from the sparse channel estimation. In this correspondence, we first introduce sparse channel estimation in OFDM-based CR systems. After spectrum sensing, we explore the pilot design by minimizing the coherence of the dictionary matrix used for sparse recovery. We then formulate it as an optimal column selection problem where a table is generated and the indexes of the selected columns of the table form a pilot pattern. A novel scheme using constrained cross-entropy optimization is proposed to obtain an optimized pilot pattern, where we model it as an independent Bernoulli random process. The updating rule for the probability of each active subcarrier being selected as a pilot subcarrier is derived. Moreover, a projection method is proposed so that the number of pilot subcarriers during optimization is fixed. The remainder of this correspondence is organized as follows. Section II formulates the pilot-assisted channel estimation in OFDMbased CR systems as a sparse recovery problem. Section III proposes a pilot design scheme using constrained cross-entropy optimization. Simulation results are provided in Section IV, and finally, Section V concludes this correspondence. The notations used in this paper are defined as follows. Symbols for matrices (uppercase) and vectors (lowercase) are in boldface. (·)T , (·)H , diag{·}, I L , CN , | · |, and · denote the matrix transpose, the conjugate transpose (Hermitian), the diagonal matrix, the identity matrix of size L, the complex Gaussian distribution, the absolute value, and the ceiling function, respectively. II. P ROBLEM F ORMULATION The OFDM-based CR system under consideration is shown in Fig. 1, where we employ sparse channel estimation instead of the
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