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Abstract—We study a cellular setting in which an introduced multiple-antenna relay station (RS) can possibly assist the bidirectional communication between a multiple-antenna base station (BS) and a set of single-antenna mobile stations (MSs). Through a proposed six-phase communication protocol with arbitrary number of antennas and MSs, we characterize the maximum number of degrees of freedom (DoF) that can be attained when the BS-MSs direct link is active or down. When the direct link is available, we show that the introduction of a multiple-antenna RS cannot increase the maximum DoF regardless of the number of antennas it is equipped with. In the absence of a BS-MSs direct link, the maximum DoF can be limited by the number of RS antennas since all ongoing communication takes place through the RS. It is also shown that the characterized maximum DoF is achieved via recently proposed network-coding based twoway relaying techniques. Finally, we conclude that a widely used two-phase multiple access/broadcast (MABC) two-way relaying protocol can be DoF-limiting in some cases due to its inherent inability to exploit the possibly available BS-MSs direct-link.



I. I NTRODUCTION Multi-hop communication is a promising technology that would potentially supersede its wider-range single-hop counterpart in newly-developed cellular standards (LTE-advanced and IEEE 802.16j) [1]. The higher frequency bands assigned to fourth generation cellular traffic result in severe signal attenuation which leads to shorter base station (BS) coverage. This compels seeking cost-effective solutions to extend back the existing infrastructure coverage rather than resorting to the costly alternative of a more dense BS deployment. A relay station (RS), a newly introduced cost-effective intermediate node, can offer the desired extension by relaying information between the BS and mobile stations (MSs) at the cell-edge. In this work, we are primarily interested in studying a multiple-input multiple output (MIMO) multiuser setting, where a MIMO BS seeks bidirectional communication with multiple single-input single-output (SISO) MSs. We assume a MIMO RS is available to possibly assist the traffic flow. More specifically, we target a general characterization of This work was supported by a grant from the Egyptian National Telecommunications Regulatory Authority (NTRA). This work was done when Mohammad Khafagy was with WINC, Nile University, Cairo, Egypt. He is currently affiliated with King Abdullah University of Science and Technology (KAUST), Thuwal, Saudi Arabia. Mohammed Nafie and Tamer ElBatt are also affiliated with the Faculty of Engineering, Cairo University, Egypt.
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the maximum system degrees of freedom (DoF) that do not depend on either the employed relaying strategy or the transmission/reception scheduling mechanism among the different nodes. Also, we seek such a characterization for arbitrary number of MSs and antennas at the RS and BS, and for both cases when BS-MSs direct link is active or down. Moreover, we investigate whether introducing a MIMO RS can offer any additional DoF to the system when a direct link exists. This has been recently investigated for both the interference and X channels [2], where the authors proved it to be impossible. Here, we are interested in answering the same question for the MIMO cellular relay setting under consideration. Recent work on the cellular setting of interest assumed the absence of the BS-MSs direct link [3]–[5]. To handle the spectral inefficiency introduced by the half-duplex two-hop relaying, the recently proposed two-phase two-way relaying (TWR) techniques [6]–[9] were employed to multiplex uplink and downlink traffic over the same channel resource. In the first phase, multiple access (MA), both downlink and uplink traffic originating from the BS and MSs, respectively, access the channel simultaneously while the RS listens and attempts to process the received superimposed signals in a pair-wise fashion rather than individually. In the second phase, broadcast (BC), the RS broadcasts the pairwise information to both partners in each pair. This way of uplink/downlink multiplexing has the potential to double the spectral efficiency of the half duplex relay channel with no direct link. However, this two-phase protocol suffers from an inherent problem in half-duplex settings, where the terminal nodes, i.e., the BS and MSs, cannot exploit the possibly available direct link since they transmit together while only transmission or reception is allowed at a time. A question arises here whether one should always use such a two-phase TWR protocol regardless of the condition of the direct link.1 More general TWR protocols were studied for the singlepair scenario in [12]. The authors studied TWR protocols over two-, three- and four-phases which they called multiple access/broadcast (MABC), time-division/broadcast (TDBC) and hybrid/broadcast (HBC), respectively. Unlike the previously 1 These two-way relay channel (TWRC) settings where direct link between terminal nodes is absent or present are known in the recent literature as separated and non-separated TWRCs or s-TWRC [10] and ns-TWRC [11].
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Fig. 1. System Model



mentioned two-phase MABC, TDBC allows each terminal node to transmit in a separate slot which allows to exploit any available direct link at the expense of doubling the transmission time. In order to capture both characteristics of MABC and TDBC, the HBC model reserves two slots for separate transmissions in addition to a time slot for both terminals to simultaneously transmit. Using such a HBC model, one can vary the slot durations and get wider rate regions than those of MABC and TDBC. Recent literature discussed capacity bounds, rate regions and the diversity-multiplexing tradeoff for different TWRC configurations [10], [11], [13] through one or more of the mentioned protocols. However, despite being of different channel settings than the one considered here, the results were specific to the employed relaying strategies. Also, all of the three aforementioned protocols assumed one BC phase in which only the RS is allowed to transmit without any possible simultaneous transmission from the terminal nodes. Thus, there might exist more general protocols that can achieve higher performance bounds. Our contribution in this paper is summarized as follows. We propose a more general six-phase communication protocol that includes all the previously mentioned ones as special cases. Using such protocol, we characterize the maximum total DoF that can be attained in the given cellular setting for both sTWRC and ns-TWRC. Moreover, for the case when a direct link exists while the RS antennas are more than the number of MSs, and also the case when a direct link does not exist, we show that the maximum DoF can be attained via the widely known two-phase MABC protocol. More specifically, the maximum DoF can be attained through space alignment for network coding MA followed by network-coding aware interference nulling BC [14]. On the other hand, when a direct link is available while the number of RS antennas is less than the number of MSs, this two-phase MABC protocol falls short of achieving the maximum DoF. We also show that for all configurations of RS antennas when a direct link exists, a MIMO RS does not increase the system DoF. II. S YSTEM M ODEL



messages to deliver each to one of the N MSs, while each MS has a message to send to the BS. These N bidirectional sessions can be possibly assisted by an NR -antenna RS. All network nodes operate in the half-duplex mode, i.e., each node can either transmit or receive at any time instant but cannot do both simultaneously. Throughout the paper, we refer to the set of MSs, RS and BS by the letters M, R and B. H [R,B] ∈ CNR ×NB and H [R,M] ∈ CNR ×N are the MIMO channel matrices from B and M to R, respectively, with circular complex Gaussian components of unit variance. Similarly, H [B,R] ∈ CNB ×NR and H [M,R] ∈ CN ×NR are the channel matrices from R to B and M, respectively. In general, a direct link may or may not exist between the BS and each of the MSs, i.e., the direct channel can be either separated or nonseparated. In this paper, we address the two extreme cases; either all MSs have direct link with the BS, or the direct link is not available for all of them. In case a direct link is available, H [B,M] ∈ CNB ×N and H [M,B] ∈ CN ×NB denote the direct uplink and downlink MIMO channels, respectively. All channels are assumed to be quasi-static, i.e., constant over the period through which the N message pairs are exchanged. Global channel state information (CSI) is assumed at all nodes. We assume the 2N messages are exchanged over a period of unit time duration. It is further split in general into T communication phases, where each phase t has a time duration ∆ PtT that hosts a proportional number of channel uses, and t=1 ∆t = 1. Since half-duplex nodes are assumed, we will have to determine for each node at which phases it is allowed to transmit or receive. In this work, we approach the given scenario in the asymptotics of high SNR rather than sufficiently large block lengths. Hence, we keep only the phase index, consider the phase duration and drop the channel use index for simplicity of notation. At each channel use for a given communication phase t, the encoded symbols of the ith [M] [B] signal pair are denoted by st,i and st,i , respectively, that are [M] N [B] drawn from unit variance codebooks. {st,i }N i=1 and {st,i }i=1 [B] [M] are stacked, respectively, into the N × 1 vectors st and st . An average transmit power constraint, SNR, is imposed on each of M and B. Since we primarily focus on asymptotics of high SNR, any non-zero transmit power portion would go to infinity as SNR tends to infinity. Thus, the definition of a precise power allocation scheme among the multiple communication sessions originating from each transmitting side, i.e., M or B, is not of significant impact on our approach as long as interference nulling is guaranteed at each receiving node. For simplicity of notation, we assume simple equal power allocation among the individual signals, i.e., the transmit signal power per each of the N messages is equal to SNR N . Since the BS has multiple antennas, transmit beamforming can be employed with the power budget taken into account. Thus, if allowed to transmit at the tth communication phase, the BS transmit signal would be given by



We consider a cellular MIMO TWR setting as depicted in Fig. 1. In this setting, N single-antenna MSs seek bidirectional communication with an NB -antenna BS. Thus, the BS has N
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where W [B] ∈ CNB ×N is the BS transmit beamforming [B] matrix, with ω i as its ith column. Also, if allowed to transmit at phase t, the MSs transmit signal would be given by [M]
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y t = H [K,I] xt + nt [M]
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where nt ∈ CN , nt ∈ CNR , and nt ∈ CNB are the noise vectors at the M, R and B, respectively, with independent and identically distributed (i.i.d.) circular complex AWGN components of unit variance. Further, when two groups, I and J, transmit, the received signal would be given by [K]



[I]



[J]



[K]



y t = H [K,I] xt + H [K,J] xt + nt



(4)



where I ∈ {M, R, B}, J ∈ {M, R, B} \ {I} and K ∈ {M, R, B} \ {I, J}. Now we formally state the DoF definition we use throughout the paper which agrees with that in [15]. For a channel which attains a maximum sum rate, R(SNR), that scales with SNR, it is said to attain r degrees of freedom, where r is given by r



=



lim



SNR→∞



R(SNR) log(SNR)



(5)



and thus, the asymptotic capacity of the channel in the high SNR regime can be written as C



=



r log(SNR) + o (log(SNR))



(6)



where o (log(SNR)) denotes a vanishing fraction of log(SNR) at high SNR. III. D O F OF
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q where p[M] is set to SNR N to satisfy the power constraint. The RS only assists the communication of the two sides, and does not have any own messages to transmit. Thus, the trans[R] mit signal of R at phase t, denoted by xt , is obtained through general processing of its received signals in phases prior to t. As R has multiple antennas, this processing may include the employment of receive/transmit beamforming, depending on the adopted relaying strategy. Also, a transmit power constraint, SNR, is imposed on R. In respective sections, we will formally define the employed processing at R. We consider scheduling the transmissions among three groups; M, R and B. For instance, if M is said to transmit at a given communication phase, we mean that all MSs are allowed to transmit simultaneously in this phase. Further scheduling can be employed inside each group when necessary. At a given communication phase, either one or two groups are allowed to transmit simultaneously, but not the three of them. This is due to the half-duplex assumption, as allowing all groups to transmit at the same time would prevent any successful reception and, hence, waste the time slot. When only one group, I ∈ {M, R, B}, is allowed to transmit at phase t, the received signal at group K ∈ {M, R, B} \ {I} is given by [K]
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ns-TWRC



Fig. 2. 6-phase communication model for ns-TWRC



tween the terminal nodes, and the relayed component through the RS. For this setting, we introduce the following theorem. Theorem 1: For the half-duplex ns-TWRC setting shown in Fig. 1, the total system DoF is given by min {N, NB }, regardless of the number of RS antennas, NR . Next, we present the converse and achievability proofs. A. Converse Proof for Theorem 1 In this part, we show that min {N, NB } upper bounds the system DoF. First, we allow full cooperation among the N MSs to form one N -antenna node, M. Thus, we consider a single-pair MIMO TWRC where nodes M, B and R are equipped with N , NB and NR antennas, respectively. Since cooperation cannot decrease the DoF, it also serves as an upper bound in a cellular setting where M is split into N SISO nodes. We consider a 6-phase communication protocol P6as shown in Fig. 2. Each phase t has a duration of ∆t , where t=1 ∆t = 1. In the first three phases, R is said to operate in the listening mode, where either one of the two sides or both transmit. In the next three phases, R enters the assistance mode, in which it forwards functions of the signals it received to one or both sides. More specifically, in the first (second) phase, M (B) transmits, while both R and B (M) listen. In the third phase, both M and B transmit simultaneously to R. R enters the assistance mode in the fourth (fifth) phase by forwarding to M (B) with the simultaneous new transmissions from B (M). Finally, R forwards to both sides in the sixth phase. Received signals in phases 1, 2 and 6 are given by (3), while those in phases 3, 4 and 5 are given by (4). This can generally model any arbitrary half-duplex single-pair MIMO two-way communication between B and M in the presence of R. We get a simple upper bound to the total DoF by considering the sum of upper bounds of the unidirectional sessions. We denote the rate from M to B, i.e., the uplink channel, by RM→B . Similarly, the rate from B to M, i.e., the downlink channel, is denoted by RB→M . Further, we denote the rate originating from node J and that arriving at node J by RJ→ and R→J , respectively, where J ∈ {M, B}. Similar notations are used for the DoF after applying the definition in (5). From the cut-set theorem in [16], we can get the following upper bounds on the DoF of the unidirectional sessions



In this section, we consider the ns-TWRC shown in Fig. 1. Thus, we consider both the direct link signal component be-
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rM→B ≤ min {rM→ , r→B } rB→M ≤ min {rB→ , r→M }



(7) (8)



In the following lines, we derive an upper bound to each of rM→ , r→B , rB→ and r→M in terms of the phase durations {∆t }6t=1 and arbitrary N , NB and NR . We start by rM→ . From Fig. 2, M is able to transmit only in phases 1, 3 and 5. Thus, the rate originating from M is bounded by     [M] [R] [B] [M] [R] [B] RM→ ≤ ∆1 I x1 ; y 1 , y 1 + ∆3 I x3 ; y 3 | x3   [M] [B] [R] (9) +∆5 I x5 ; y 5 | x5 where I(a; b) and I(a; b | c) denote the mutual information between the random vectors a and b [16], and their mutual information conditioned on c, respectively, while the number in the subscript denotes the phase index. For the first term in ˜ with (9), lumping R and B together into one MIMO node B NR + NB antennas, we get the following upper bound     [B˜ ] [M] [M] [R] [B] (10) I x1 ; y 1 , y 1 ≤ I x1 ; y 1 This corresponds to an N × (NR + NB ) MIMO point-to-point channel, where the maximum number of DoF is known to be min {N, NR + NB }. Also, for the remaining two conditional mutual information expressions in (9), we can cancel the given interference term from (4) with the knowledge of global CSI.     [M] [M] [R] [M] [R] [B] (11) I x3 ; y 3 | x3 = I x3 ; H [R,M] x3 + n3     [M] [M] [B] [M] [B] [R] (12) I x5 ; y 5 | x5 = I x5 ; H [B,M] x5 + n5 It is clear that the mutual information expressions in (11) and (12) are of N × NR and N × NB MIMO point-to-point channels, respectively. Hence, substituting with (10), (11) and (12) in (9), and applying the DoF definition in (5), an upper bound to the DoF originating from M can be given by rM→



≤



∆1 min {N, NR + NB } + ∆3 min {N, NR } +∆5 min {N, NB }



(13)



Similarly, we get upper bounds for r→B , rB→ and r→M as r→B



≤ ∆1 min {N, NB } + ∆5 min {N + NR , NB } +∆6 min {NR , NB } (14)



rB→



≤ ∆2 min {NB , N + NR } + ∆3 min {NB , NR }



r→M



+∆4 min {NB , N } (15) ≤ ∆2 min {NB , N } + ∆4 min {NB + NR , N } +∆6 min {NR , N }



(16)



Note that each of the upper bounds in (13)-(16) can be expressed as a single min {·} expression with eight arguments, resulting from the available 23 addition combinations. Now, using (7) and (8), an upper bound to the total DoF can be put as follows: rM→B + rB→M



≤



min {rM→ , r→B } + min {rB→ , r→M }



=



min {rM→ + rB→ , rM→ + r→M , r→B + rB→ , r→B + r→M }



(17)



Each of the previous four upper bound arguments contains



82 = 64 terms resulting from the addition of each of the eight arguments of the first min {·} expression to each of the eight arguments of the second. Thus, we have 4(82 ) = 256 upper bounds that are functions of phase durations and number of antennas. To get the tightest bound, we need to optimize over the phase durations to maximize the least term. However, we can get around this tedious task through the following key observation. From the upper bounds of rM→ + r→M , we  observe P6 that we can get a term that is equal to ∆ i N = N.  i=1 P 6 Also, from r→B +rB→ , we get i=1 ∆i NB = NB . Hence, the following upper bound is true rM→B + rB→M



≤



min {N, NB , S}



(18)



where S is a set that holds the remaining 254 upper bounds. Now, if we prove that min {N, NB } is achievable, this proves that min {N, NB } represent the total DoF. In the following section, we sketch the achievability proof. B. Achievability Proof for Theorem 1 We move back to the distributed scenario of N MSs, and present a sketch of the proof, due to space limitations, for the achievability of min {N, NB } DoF. Since a direct link is available between B and M, we can actually achieve min {N, NB } DoF by ignoring the RS assistance altogether, i.e., by considering only phases 1 and 2, where ∆1 + ∆2 = 1. In this scenario, neglecting the signal overheard by R, the direct uplink channel in phase 1 is a MIMO MAC channel [15]. With the employment of simple receive zeroforcing beamforming (Rx-ZFBF) at B, and as the channel coefficients are drawn randomly, it is easy to show that min {N, NB } DoF are achievable in the high SNR regime due to the fact that H [B,M] ∈ CNB ×N is full rank almost surely. In a similar way, the direct downlink channel is a vector BC channel [17, and references therein], with H [M,B] ∈ CN ×NB full rank. Using global CSI, transmit zeroforcing beamforming (TxZFBF) can guarantee interference nulling at the MSs based on the available number of BS antennas, and thus, min {N, NB } DoF are achievable. Accordingly, any time sharing policy between the uplink and the downlink would also achieve min {N, NB } DoF, and this completes the sketch of the proof. IV. D O F OF



THE



s-TWRC



In this section, we consider the same scenario but when B and M are physically separated. From a DoF perspective, there is no incentive in this case to let only one side transmit while keeping the other side idle since it is unable to listen to the direct link. This leads to ignoring phases 1 and 2, while keeping phase 3 in the 6-phase scenario of Fig. 2. Also, due to the half-duplex assumption in addition to the absence of the direct link, a source node can neither transmit to R, nor assist it while it is forwarding to the other side. Thus, it naturally stays in the reception mode, leading to ignoring phases 4 and 5, and keeping phase 6. This leads us to the well-known twophase MABC communication protocol, where ∆1 = ∆2 =
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∆4 = ∆5 = 0, ∆3 = ∆ and ∆6 = 1 − ∆. Now, we introduce the following theorem. Theorem 2: For the half-duplex s-TWRC setting shown in Fig. 1 with no direct link between M and B, the total system DoF is given by min {N, NR , NB }.



From the converse proof, since the maximum DoF in this scenario is equal to min {N, NB , NR } for arbitrary NB , NR , N , the achievable DoF will then be exactly equal to min {N, NB , NR }. We also assume that ∆3 = ∆6 = 12 . To prove achievability, we show that ∀i ∈ {1, 2, . . . , N }, the ith pair uplink and downlink DoF ri→B = ri←B = 12 can be A. Converse Proof for Theorem 2 simultaneously achieved via space alignment (SA) for network In this proof, we follow a similar approach to that in the coding MA followed by network-coding-aware interference ns-TWRC. Also, it is worth mentioning that this derivation nulling beamforming BC [14]. For min {N, NB , NR } = N follows similar footsteps to those of [14]. Thus, we introduce DoF to be achievable, taking into account the prelog factor of 1 full cooperation among the N single-antenna MSs to form 2 due to two-hop communication, the 2N signals have to be a single N -antenna node, M. Now the system boils down to simultaneously transmitted and forwarded in the MA and BC only two multiple antenna nodes, M and B, where bidirectional phases, respectively. However, since the RS signal space is N dimensional, the 2N signals cannot be spatially separated. This communication is sought among them only through R. From the cut-set theorem, the following upper bounds are motivates the use of network-coding based TWR techniques imposed on downlink and uplink sum-rates, respectively. such as physical layer network-coding [7], analog network n    o coding [8] or compute-and-forward [18], which allow for [M] [R] [B] [M] [R] RB→M ≤ min ∆3 I x3 ; y 3 | x3 , ∆6 I x6 ; y 6 (19) the following. Instead of separating 2N individual signals   o n  [B] [B] [R] [R] [M] (20) at the RS, one can attempt to separate N linear equations, RM→B ≤ min ∆3 I x3 ; y 3 | x3 , ∆6 I x6 ; y 6 where the ith equation is only a function of the two encoded Due to symmetry, we only consider the downlink sum-rate messages for the ith pair, i ∈ {1, 2, . . . , N }. At this point, the bound in the following steps. Similar expressions for uplink mentioned TWR techniques can be used to map each linear are deduced accordingly. With knowledge of global CSI, the function to an encoded message to be forwarded to the two first mutual information term can be written as follows: pair partners. Leveraging side information at each terminal     [B] [R] [B] [R] [M] [R,B] [B] (21) node, which is its own previously transmitted message in the = I x3 ; H x3 + n3 I x3 ; y 3 | x3 MA phase, the received message can be mapped to that sent Substituting from (21) in (19) then applying the DoF definition by its partner. If the RS forwarded message is received with from (5), the downlink DoF is upper bounded by arbitrarily small probability of error, we can guarantee a small rB→M ≤ max min {∆ min {NB , NR } , (1 − ∆) min {N, NR }} (22) overall probability of error that can be brought down to zero by ∆ increasing SNR. This is explained in the following discussion. In a similar way, the uplink DoF upper bound is given by 1) MA phase: We go back to our distributed scenario of N rM→B ≤ max min {∆ min {N, NR } , (1 − ∆) min {NB , NR }} (23) single-antenna MSs. Thus, beamforming is allowed at the BS, ∆ but not the MSs. Since transmit beamforming is not o in n possible From the individual upper bounds on the downlink and uplink the uplink, the MS signal directions imposed by h[R,M] N i DoF in (22) and (23), we can get an upper bound on the total i=1 cannot be adjusted. In order to accommodate the 2N signals in system DoF, rtot = rB→M + rM→B , to be the N -dimensional signal space, space-alignment [3], [14] is rtot ≤ max min {∆ min{NB , NR }, (1 − ∆) min{N, NR }} ∆ employed to align each BS signal direction with that of its MS + min {∆ min{N, NR }, (1 − ∆) min{NB , NR }} partner in the RS signal space. Since the elements of H [R,B] = max min {∆A, (1 − ∆) A, N, NB , NR } (24) are randomly drawn from a continuous distribution, Ho[R,B] n ∆ [R,B] is is almost surely full rank. Consequently, span H where the whole complex N -dimensional space, and such alignment A = min {NB , NR } + min {N, NR } is possible. With our assumption of equal transmit power th = min {NB + N, NB + NR , N + NR , 2NR } (25) allocation among the N BS beamforming vectors, the i BS beamforming vector can be expressed as It is clear from the last expression that at ∆ = 12 , A −1  2 is not a [R,M] [B] [B] limiting term in the min {·} expression in (24), and thus the ∀i ∈ {1, 2, . . . , N } (27) hi ω i = βi H [R,B] upper bound is not a function of A. Thus, the upper bound [R,M] boils down to is the ith column of H [R,M] , which corresponds where hi to the SIMO channel between the ith MS and the RS. Also, rB→M + rM→B ≤ min {N, NB , NR } (26) n [B] oN βi are scalars such that equal power allocation is i=1 B. Achievability Proof for Theorem 2 maintained among all BS beamforming vectors. Thus, for the Without loss of generality, we take the special case when ith beamforming vector, βi[B] is given by √ NB = NR = N = min {N, NB , NR }. If min {N, NB , NR } SNR [B] 



DoF is achievable in this case, then a greater or equal number βi = √ (28) 



[R,B] −1 [R,M] N H hi of DoF can be achieved for NB , NR , N ≥ min {N, NB , NR }.
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The RS received signal is then given by y [R] =



N X



[R,M]



hi



i=1



  [B] [B] [M] + n[R] = H [R,M] s + n[R] βi si + p[M] si [B] [B]



[M]



where s ∈ CN is a column vector with βi si + p[M] si as its ith element, i ∈ {1, 2, . . . , N }. Here, a regenerative relaying strategy is assumed at the RS. At high SNR, zero-forcing (ZF) reception is optimal. Therefore, Rx-ZFBF matrix C [R] ∈ CN ×K  is employed at the RS to distill s, where C [R] = H [R,M]



−1



. Using lattice



[B] [M] {si , si }N i=1 ,



or with the employment of modulation coded schemes that satisfy the PNC mapping principle in [7], a set [R] th element in the of streams {si }N i=1 can be obtained. The i [M] [B] [R] mentioned set, si , is a function of both si and si . 2) BC phase: Tx-ZFBF is employed at the RS such that all cross-pair interference is eliminated at each MS, taking into account the power constraint. Thus, the ith column of the RS transmit beamforming matrix, W [R] ∈ CN ×N , denoted as [R] ω i , is given by [R] ωi



=



r



[M,R]



SNR g i 



[M,R] N 



g 



(29)



i



[M,R]



where g i



−1  is the ith column of G[M,R] = H [M,R] . At



[R] this point, Rx-ZFBF is employed −1 at the BS to distill s .  [B] [B,R] [R] Thus, C = H W . ZF is optimal at infinite SNR, which guarantees perfect reception. It is straightforward to notice that each MS manages to exploit a half DoF by successfully transmitting over half of the unit duration communication period, while its message is forwarded in the second half. It is also the case for the downlink. Thus, 2N 2 = N DoF are achievable via SA. Since N was assumed to be equal to min {N, NR , NB }, this result is in agreement with the upper bound derived in the converse proof, and hence proves that the maximum achievable DoF in s-TWRC is exactly equal to min {N, NR , NB }. It is worth mentioning here that if NR ≥ min {N, NB } then the maximum achievable DoF of the ns-TWRC counterpart can be attained via SA as well. Same results could have been obtained if a non-regenerative relaying strategy was employed instead. In this case, a processing matrix W [R] ∈ CNR ×NR would have been applied directly to the received vector y [R] to obtain x[R] . This W [R] has the special structure U ΣV , where V and U are receive and transmit ZFBF matrices like those mentioned before, while Σ is a diagonal equal power allocation matrix that takes the RS transmit power budget into account.



V. C ONCLUSION In this paper, we characterized the maximum degrees of freedom (DoF) in a cellular MIMO half-duplex two-way relaying setting. In this setting, N single-antenna MSs communicate bidirectionally with an NB -antenna BS, with the possible assistance of an NR -antenna RS. We addressed two settings
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