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Joint Power Allocation and Beamforming for Multiuser MIMO Two-way Relay Networks Mohammad Khafagy, Amr El-Keyi, Tamer ElBatt, Mohammed Nafie Wireless Intelligent Networks Center (WINC) Nile University, Cairo, Egypt. Email: [email protected], {aelkeyi, telbatt, mnafie}@nileuniversity.edu.eg Abstract—In this paper, a multiuser cellular two-way relaying scenario is considered where multiple single-antenna mobile stations (MSs) and one multiple-antenna base station (BS) communicate, bidirectionally, via one half-duplex multiple-antenna relay station (RS). Furthermore, the case when the number of antennas at the RS is not sufficient to decode the individual messages is addressed. For this case, a two-phase two-way relaying scenario is considered. In the first phase, the multiple access, a minimum Mean Square Error (MSE) optimization problem is formulated which is found to be non-convex. Thus, an iterative scheme is proposed to compute the MS transmit powers, the BS beamforming vectors, and the corresponding RS linear receivers to minimize the maximum MSE for multiple pairs subject to power constraints on the transmitting terminals. In the second phase, the broadcast phase, the beamforming vectors at the RS are designed to minimize the maximum MSE at the MSs subject to relay power constraints, and the receivers at the BS are designed accordingly. In a two-pair scenario, simulation results are provided showing the superior performance of the proposed methods compared to earlier approaches in terms of the bit-error rate. Also, it is shown that as the system scales up in terms of signal space dimensions and number of accommodated pairs, the performance gap between the proposed scheme and the earlier approaches increases. Index Terms—MIMO two-way relaying, convex optimization, physical-layer network coding, multiuser detection.



I. I NTRODUCTION Cellular relay networks represent a promising cost-effective solution for cellular operators to deliver reliable broadband wireless services to under-represented rural areas. The use of relay stations can improve coverage and throughput, especially for cell-edge users. In this context, a half-duplex relay station (RS) supports the exchange of bidirectional traffic, i.e., uplink (UL) and downlink (DL), between a base station (BS) and a mobile station (MS). One possible approach is to employ traditional one-way relaying (OWR) strategies [1], along with known duplexing techniques. However, the use of OWR with half-duplex RS limits the spectral efficiency, due to the additional channel uses needed for multiple hops. Motivated by wireless spectrum scarcity, novel network-coding based two-way relaying (TWR) strategies were recently proposed [2]–[4] to attain higher spectral efficiencies. The key idea is allowing the same channel resources to host both UL and DL traffic simultaneously via a two-phase communication This work was partially supported by a grant from the Science and Technology Development Fund (STDF), Egypt.
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scenario. In the first phase, the multiple access (MAC), the RS receives a noisy superposition of the two terminal messages. In the second phase, broadcast (BC), the RS forwards a function of the two messages rather than explicitly forwarding the individual ones. Having the previously sent message as side information at each terminal node, back-propagated self interference can be cancelled to receive the desired message. Thus, by supporting the UL and DL transmissions over the same channel, TWR can double the spectral efficiency. Multi-user bidirectional relaying in cellular settings has also received considerable attention in the recent literature [5]– [8]. In this setting, a MIMO BS seeks bidirectional relayaided communication with N MSs via a MIMO RS. In [5], just like OWR approaches, the RS spatially separates the 2N exchanged messages in the MAC phase, where the number of antennas at the RS is assumed to be large enough, i.e., greater than 2N , to support separate message decoding. However, when the RS antennas are less than 2N , this scheme cannot support bidirectional communication between the BS and N MSs because of the limited signal space dimensionality. The case where the number of RS antennas is less than 2N , but greater than N , has also received recent attention from the community. Motivated by the lessons learnt from singlepair TWR, employing multiple antennas can target pair-wise spatial separation, where TWR techniques are employed for each message pair. This approach requires only N RS antennas to separate the N message pairs. However, efficient techniques for power allocation and transmit/receive beamforming are required to manage cross-pair interference. In [6], via nonregenerative relaying, space alignment (SA) beamforming was proposed for the BS in the MAC phase. With SA beamforming, each of the N BS signals is aligned with that of its partner MS in the RS signal space. Accordingly, the RS employs zero forcing (ZF) beamforming to null cross-pair interference at each of the MSs. In the BC phase, the BS also employs simple ZF reception to separate the N pairs. The SA scheme verified that cross-pair interference can be managed in cellular settings to allow for TWR when the RS antennas are not sufficient to deal with individual messages. However, no optimization was considered in the design of beamforming matrices or power allocation among the different pairs, and all nodes used their maximum available power for transmission. In [7], the authors targeted an optimized design of the RS and BS beamforming matrices, where they formulated an



UL-DL sum rate maximization problem that takes cross-pair interference nulling as a constraint. Motivated by the nonconvexity of the problem, designs for unilateral maximization of UL and DL rates were considered, then a heuristic solution was proposed to balance the two designs and offer higher bidirectional sum-rate. The balanced scheme was shown to uniformly dominate SA in terms of sum rate for different numbers of RS antennas. However, both the BS and RS employed simple equal power allocation among message pairs, which does not necessarily optimize the overall system performance. In this paper, unlike earlier schemes, we target the joint optimization of power allocation, beamforming and receive filters at different network nodes. We do not impose crosspair interference nulling constraints. Instead, we formulate the problem as that of minimizing the maximum Mean Square Error (MSE) between the desired signal at different nodes and the output of the receivers at these nodes. Motivated by the non-convexity of the formulated problem, we propose a lowcomplexity iterative algorithm, that can be used at the RS in the MAC phase. It calculates the MS gains, BS beamforming vectors and RS linear receivers such that the maximum MSE is minimized, subject to power constraints at all source nodes. In the BC phase, we design the beamforming vectors at the RS to minimize the maximum MSE at the MSs subject to power constraints at the RS, and design the receivers at the BS accordingly. We show, through bit-error rate (BER) simulation, that the proposed scheme outperforms the schemes proposed in [6], [7] for the given setting in terms of UL and DL BER. The paper is organized as follows. In Section II, we introduce the system model and notation. The problem is formulated and solved via the proposed iterative scheme in Section III. Simulation results are presented in Section IV. Finally, conclusions are drawn in Section V. II. S YSTEM M ODEL A. Background Two popular two-phase TWR strategies are widely considered in the literature. The first one is known as physical-layer network coding (PNC) [2] or denoise-and-forward (DNF) [4], while the second one is called analog network coding (ANC) [3] or two-way amplify-and-forward [4]1 . These two strategies differ mainly in two aspects; the processing/forwarding at the RS, and the self-interference cancellation at the destinations. In this paper, the mentioned PNC precisely denotes the subclass of TWR strategies that employs regenerative forwarding. In such forwarding, the received noisy superposition of the pair’s encoded/modulated signals is mapped to finitefield addition of the original finite-field messages, which is then re-encoded/modulated and broadcasted to both nodes. This type of RS processing motivates the following selfinterference cancellation mechanism at the terminal nodes. After decoding the forwarded finite-field sum of messages, 1 It is worth mentioning here that PNC is sometimes used in the literature, e.g. [4], to address the broader class of TWR strategies including all the previously mentioned ones.
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Fig. 1. System Model



self-interference is cancelled at the terminal nodes via finite field subtraction of their messages. On the other hand, ANC employs a non-regenerative AF strategy, where the RS only forwards a scaled version of the noisy superimposed signal it received. Consequently, subtraction of the back-propagated self-interference should precede decoding in order to receive the desired message. In [4], the authors compare the above two strategies. It was shown that the performance of ANC-based TWR systems is upperbounded by that of PNC systems in terms of the maximum achievable sum-rate. Note that the design of PNCbased relaying systems is also simpler than ANC-based ones as the MAC and BC design problems are decoupled due to the regenerative forwarding characteristics of PNC. Unlike earlier approaches in [6]–[8] which employed ANC, we use PNC as the underlying TWR strategy. However, we show in the simulation results that the performance improvements achieved by the proposed scheme are not due to the use of PNC, but due to the proposed power allocation and beamforming scheme. B. Transmission scheme We consider a cellular TWR network as shown in Fig. 1 where N single-antenna MSs communicate bidirectionally with an M -antenna BS with the aid of a K-antenna RS, where M , K ≥ N . All channels are assumed to be quasi-static, i.e., constant over the duration of the two communication phases of interest. Also, channel reciprocity is assumed. This follows from the time-division duplexing of MAC/BC phases over quasi-static channel conditions. Next, we formally describe the transmission scheme employed in this paper. 1) Phase I: Multiple Access: In this phase, each node modulates its own message with a modulation scheme that satisfies the PNC requirement in [2], then all the nodes transmit simultaneously to the RS. The received signal at the RS is given by y
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where h(M) ∈ CK and H (B) ∈ CK×M contain the coefficients i of the SIMO channel from the ith MS to the RS, and the MIMO channel from the BS to the RS, respectively, s(M) and i represent the MS and BS transmitted symbols for the s(B) i   (B) ith stream, respectively, with E s(M) = E s = 0 and i i



  2 2 E |s(M) = E |s(B) = 1, E{·} denotes the statistical i | i | expectation, αi ∈ C and ω (B) ∈ CM are the MS transmitter i gain and the BS beamforming vector for the ith stream, respectively, and n(R) ∈ CK denotes the noise vector at the relay, with independent and identically distributed (i.i.d.) 2 circular complex AWGN components of variance σ(R) . K N The RS employs N linear receivers {cj ∈ C }j=1 to extract the desired superimposed signal of each pair and mitigate the multiple access interference where the output of (R) the j th receiver is given by yj(R) = cH j y . The RS estimates N {sj }j=1 , the physical-layer network coded signal of each pair, by comparing yj(R) to a set of thresholds that depend on the employed modulation scheme. For BPSK modulation, this can be done in a way similar to that proposed in [9] as follows  ( 1 if ℜ yj(R) ≤ γj sj = (2) −1 otherwise



where ℜ {·} denotes the real part of a complex number and the decision threshold γj is selected as n   o (B) (B) H (M) γj = max ℜ cH H ω , α c h ℜ . (3) j j j j j



Note that the proposed algorithms are not limited to the case of BPSK modulation, and only the decision thresholds have to be changed in the case of higher modulation schemes [2]. 2) Phase II: Broadcast: In the broadcast phase, the RS forwards the estimated si to each of the two partners of the ith pair, i.e., the BS and the ith MS. The RS transmit signal is then given by x(R) =



N X



(R) ω (R) s i si = W



(4)



the received bit sequence with its own previously transmitted bit sequence to obtain its partner’s bit stream. III. P ROPOSED A LGORITHM Our objective is to find the transmit powers, beamforming vectors and linear receivers that minimize the MSE between the detected and transmitted symbols, subject to individual power constraints on each transmitting terminal in the two communication phases. We use the MSE as the design criterion in this paper in order to make the problem mathematically tractable. Over the two communication phases in the given multi-pair setting, we formulate min-max MSE problems targeted to attain the min-max fairness among the different nodes. A. MAC phase We assume that the modulation scheme satisfies the PNC mapping principle in [2], and hence, the sum of the modulated signals can be mapped to finite field addition of the original messages. Therefore, the optimization variables need to be designed to minimize the error between the RS received signal and the sum of the original modulated signals. The MSE between the output of the estimator for the j th pair at the RS and the sum of the transmitted symbols s(M) j and s(B) is given by j  2  (R) (B) (M) ) + s − (s = E MSE(MAC) y j j j j 2 2 2 2 (M) (B) (B) ω j + 1 − αj cH = 1 − cH j hj + kcj k σ(R) j H +
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where and n represent the circular complex additive white Gaussian noise (AWGN) at the j th MS with variance 2 , and the M × 1 circular complex AWGN vector at the σ(M),j 2 BS with i.i.d. components of variance σ(B) , respectively. The BS employs an M × N linear receiver matrix F to decode the N symbol streams sent by the RS, where the j th column of F , denoted as f j ∈ CM , is used to decode the j th stream. The output of the j th receiver is given (B) by yj(B) = f H j y . As in the MAC phase, the decision thresholds depend on the used modulation scheme. For a BPSK modulation where {si }N i=1 take values from {-1,+1} with equal probability, using maximum likelihood detection, each received signal is compared to the zero threshold to yield an estimate of the transmitted bits. Each node XORs
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where W (R) is the K × N RS beamforming matrix whose ith column is ω (R) ∈ CK , which is the beamforming vector i th for the i stream and s is a column vector with si as the ith element. Assuming channel reciprocity, the received signals at the j th MS and the BS are given, respectively, by
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Thus, the min-max problem can be formulated as min
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(M) (B) are the maximum power that can be and Pmax where Pmax transmitted from the BS and every MS, respectively. Proposed Iterative Solution: The optimization problem in (8) is non-convex due to the fourth order terms in (7), which appear in the objective function. Hence, we propose the iterative algorithm in Table I that divides the optimization process into two stages. In the first one, the minimization is done over the RS receivers, {ci }N i=1 , while in the second stage, it is done over the MS gains and BS beamforming vectors, namely, {αi , ω i }N i=1 as follows. Stage 1: Given initial values for the beamforming vectors at the BS, and the gains of the MSs, which satisfy the power constraints in (8), we first solve the following sub-problem
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TABLE I P ROPOSED MAC PHASE ITERATIVE ALGORITHM
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N {αi , ω (B) i }i=1 taking the power constraints into account (B) N Compute {ci }N i=1 from (10) with {αi , ω i }i=1 fixed. (B) N Compute {αi , ω i }i=1 by solving the SOCP in (11) with {ci }N i=1 kept fixed. Convergence of the MSE.
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Since MSE(MAC) is a function of the vector cj only, the problem j can be decoupled into N parallel problems where cj is chosen to minimize MSE(MAC) . The receiver of the j th stream at the j RS is given by the well-known MMSE solution [10]   (M) cj = R−1 H (B) ω (B) (10) j + αj hj
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and I K is the identity matrix of size K × K. Stage 2: Using the auxiliary variable τ , the minmax optimization problem can be transformed to a minimization problem, i.e., given the linear receivers determined in Stage 1, we solve min
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where X = F H H (B) W (R) − I N and ej denotes a selection column vector that has only the j th element with the value of one, and all the other elements as zeros. In order to minimize the MSE at the BS, the BS receiver F is given, as a function of W (R) , by the MMSE solution −1  H H H 2 F = H (B) W (R) W (R) H (B) +σ(B) H (B) W (R) . IM



Therefore, the problem in the BC phase can be formulated in terms of the RS beamforming matrix W (R) as follows min
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which is a second-order cone program (SOCP) that can be solved using solvers like CVX with a worst-case com  [11] √ plexity of this stage is of O M 2 N 3 N (N + M ) [12]. The convergence of the iterative algorithm is declared when the difference between the MSE of two successive iterations falls below a pre-specified tolerance. Since the algorithm minimizes the same objective function in each stage using the optimization parameters obtained from the previous stage, convergence to a minimum is guaranteed. Yet, convergence to the global optimum is governed by the initialization step and cannot be guaranteed. In the simulations section, we provide an initialization technique through which the proposed algorithm yields results that outperform existing TWR schemes. B. Broadcast Phase In the broadcast phase, the expressions for the MSE of the j th MS and the BS j th signal are given, respectively, by n o (M) − sj 2 MSE(BC) (M),j = E yj 
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(13)



(R) is the maximum power constraint of the RS, and where Pmax tr{A} denotes the trace of matrix A. Proposed Solution: We note that the objective function and constraints in (13) are all convex in W (R) except for the BS MSE constraint, and hence, the problem is nonconvex. Motivated by the fact that the BS has higher detection capabilities through having multiple antennas, as opposed to only one antenna at the MSs, we relax the problem and design the RS beamforming matrix to minimize the maximum MSE for the MSs only by solving the following SOCP
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It can be also shown that the worst-case complexity of this   √ SOCP is of O K 2 N 3 N (N + K) . Since the RS is the only transmitter in this phase, there is no incentive to transmit with lower power than the available power budget. Therefore, the RS beamforming matrix is scaled afterwards to meet (R) the RS power constraint Pmax , in order to offer better BER performance at the different terminals. Afterwards, we get the BS receivers from (12) to minimize the MSE at the BS given the designed beamforming matrix. IV. S IMULATION R ESULTS In this section, we analyze the performance of the proposed scheme through BER simulations. All the channels used throughout the simulations have circular complex Gaussian components of unit variance, with frequency-flat block Rayleigh-fading envelope. In order to employ the proposed MAC phase iterative algorithm, we need to select initial values for the MS gains and BS beamforming vectors. As intuition suggests, it is preferable that received signals at the RS due to the transmission of each pair (MS-BS stream) to be in the close vicinity of each other, and hence, the interference due to this pair would be mainly concentrated in one signal space direction. The interference in this direction can be then easily mitigated by the RS receivers of other pairs. Since we cannot change the channel directions of the single-antenna MSs, we propose to initially select the



j



where (.)† denotes the pseudo-inversepof a matrix. Also, we (M) Pmax . As a stopping set the initial values for {αj }N j=1 to criterion, we set the tolerance factor for the iterative scheme convergence to 10−4 . We first simulate a 2-pair scenario where N = K = M = 2. (M) (B) (R) The parameters Pmax , Pmax and Pmax are selected as 1, 2, and 4 respectively. These system resources are fixed over all compared schemes. In the MAC phase, four different bit sequences of length 105 are generated to simulate the messages at the three source nodes (MS1, MS2, BS). Each sequence is modulated using BPSK modulation. The BPSK signals are transmitted using the power levels and beamforming vectors obtained from the iterative algorithm in Table I, along with the previously mentioned initial values. The RS first employs the linear receivers obtained from the proposed iterative algorithm to mitigate the multiple access interference, then jointly demodulates the superimposed signal of each pair using the thresholds in (3). In the BC phase, the estimated sequences are BPSK modulated, then the designed RS beamforming matrix is used to superimpose the two signals as in (4) to form the RS transmit signal. The BS employs the receivers in (12) to extract the desired signal, then each node demodulates the received signal by comparison to the zero threshold. Finally, each node XORs the received bit stream with its own previously transmitted one to get the partner’s stream. We run the simulations for 1000 channel realizations and take the average over the resulting BER values. For each channel realization, we run the simulations for noise variances, 2 2 2 2 σ(R) = σ(B) = σ(M),1 = σ(M),2 = σ 2 . We define the average transmit SNR as the ratio between the sum of the maximum transmit power of all terminals and the sum of the noise power at all the receiving terminals in the MAC and BC phases, i.e., SNRav =



(M) (B) (R) N Pmax + Pmax + Pmax , P N 2 + M σ2 + 2 Kσ(R) (B) j=1 σ(M),j



(16)



and hence, the average SNR is given by 2/σ 2 . We vary the transmit SNR from 0 to 30 dB by varying σ 2 . We compare the proposed scheme with two schemes proposed earlier in the literature for the same cellular setting. The first one is the space alignment (SA) scheme presented in [6]. The second one is the scheme proposed in [7], which balances the UL and DL rate optimization. Here, the UL denotes transmission from the MSs to the BS while the DL denotes transmission from the BS to the MSs. To the best of our knowledge, [6] and [7] are the closest to the proposed scheme despite the fact that they employ ANC instead of
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Fig. 2. Average BER versus SNRav



PNC. Accordingly, we do not only compare the proposed scheme to [6], [7] but we also compare it to a third scheme (denoted SA/PNC in Fig. 2 and 4), in an attempt to distill the major contributor to the performance enhancement. In the introduced SA/PNC scheme, SA with equal power allocation is employed at the BS along with PNC relaying. Specifically, in the MAC phase, the BS transmit beamforming matrix follows the same SA design in [6] with equal power allocation among the different messages. The RS then employs ZF receivers to extract the desired signals, followed by PNC employment to decode the joint messages. In the BC phase, the RS applies transmit ZF beamforming in order to cancel the interference at the MSs, and divides the available power equally among pairs as well. The BS employs ZF reception followed by decoding, then self-interference cancellation is employed at all nodes. In order to evaluate the overall system performance, we plot in Fig. 2 the end-to-end BER curves that were calculated after the two communication phases of an uncoded system. For the four schemes, we show the average BER of the UL and DL streams. As shown in Fig. 2, the iterative algorithm outperforms the existing schemes for the given scenario, in terms of BER. Also, as expected from the results shown in [7] for the case when K = N = 2, the results of the SA and the balanced schemes are very similar to each other due to the limited signal space dimensionality. Yet, the proposed scheme yields better results even in this limited signal space scenario. As shown for the proposed scheme, the DL performance is better than that of the UL for the following reason. As mentioned earlier due to the non-convexity of the problem in the BC phase, the joint design of the RS beamforming matrix and the BS receiver was not possible. As a result, we have designed the RS beamformers such that the maximum MSE of the MSs is minimized which leads to improving the performance of the DL streams. For the SA/PNC scheme, the shown BER performance is very close to that of the two previous schemes in [6], [7]. In fact, this confirms the main result of this paper, that is, PNC is not the major contributor to the performance gains, instead it is the proposed novel iterative power control and resource allocation algorithm.
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In Fig. 3, as a measure of complexity, we show the resulting average number of iterations for the proposed algorithm in the MAC phase over a range of noise variance values for tolerance factor of 10−4 . The shown non-decreasing trend is attributed to the fact that a lower noise variance leads to a lower residual MSE, and hence, more iterations are needed for convergence. Note that the complexity of the SA scheme of [6] and the balanced  scheme of [7] does not depend on SNR and is of O N 3 , and O N 5 , respectively, for the case of N = K = M. Next, we simulate the system when supporting different number of pairs. While scaling the system to accommodate more pairs, we fix all system resources per pair, namely, the available power at all nodes, and the number of antennas at (B) (R) both the RS and BS. Thus, we scale Pmax and Pmax to be (M) equal to N and 2N , respectively, while keeping Pmax fixed to 1. Also, we set M = K = N . In Fig. 4, we show the average BER versus the number of pairs at SNRav = 20 dB. For the SA and the balanced schemes, the average BER degrades as the number of pairs increases. It is also the case when SA with equal power allocation is employed with PNC. This shows that, despite the use of ANC/PNC relaying, SA with equal power allocation limits the system performance due to the inefficient allocation of the available power and spatial resources. On the other hand, the capability of the proposed scheme to manage the interference increases as the dimension of the signal space increases. This leads us to conclude that the proposed scheme efficiently allocates the available system power and beamforming directions to minimize the interference caused by each pair to the others, leading to higher overall system performance. V. C ONCLUSION We have studied the problem of resource allocation in multi-user MIMO cellular networks using TWR in the case when the number of RS antennas is not sufficient to employ OWR. The existing schemes for this scenario employed analog network coding and equal power allocation among pairs. We have proposed a novel algorithm that employs PNC as the
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