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1. Introduction

Multiuser eigenmode transmission (MET), introduced in [1], is a generalized downlink MU-MIMO technique in which the base can transmit spatially multiplexed data streams to multiple users simultaneously. Zero-forcing beamforming, a form of non-unitary precoding, is used so that in an ideal case in which the transmitter has perfect knowledge of the users’ MIMO channels, the users do not experience any interbeam interference. 

In this contribution, we study the link-level performance of MET when there is limited feedback from the UE to the NodeB. As a result of limited feedback, zero-forcing beamforming is nonideal, and users will experience interbeam interference. We propose an extension of MET where UEs, equipped with multiple antennas, perform spatial MMSE processing to mitigate the effects of interference. We compare the performance of the MET-MMSE proposal with limited feedback to PU2RC and show how performance is uniformly better for any antenna configuration and for average SNRs less than 18dB. 

2. Description of MET with MMSE receivers

We assume the base has M antennas and therefore can transmit up to M data streams. MET, as described in [1], could distribute these data streams among multiple users. For example, if M = 4, it could transmit two streams to each of two UEs (assuming the UEs has at least 2 antennas), or it could transmit one stream to one UE and three streams to another UE (assuming the second UE has at least 3 antennas). It was shown in [2] that when M is relatively small compared to the number of users K vying for service, the sum rate is typically maximized when a single stream is transmitted to each of M UEs, even though each UE may have multiple antennas. In addition, the selected eigenmode is typically the dominant one—in other words, the one corresponding to the largest eigenvalue of the MIMO channel’s singular value decomposition. To reduce feedback, we therefore assume in this contribution that the NodeB transmits at most one stream to each UE. Each UE feeds back to the NodeB B bits to index one of 2B “requested” vectors used for calculating the actual precoding vector. As B increases without bound, the knowledge of the channel state information at the transmitter (CSIT) becomes more precise. We use the terms perfect and imperfect CSIT to refer to the cases of infinite and finite B, respectively. Under imperfect CSIT, the set of 2B requested vectors efficiently span the set of all MIMO channels.   

Because K in general can be larger than M, the NodeB must decide which set of users S to serve. It does so using a greedy scheduling algorithm described in [1]. The cardinality of S can be less than or equal to M; however, for simplicity, we assume that the cardinality of set S is equal to M. Based on the set of requested vectors for set S, the NodeB computes a precoding vector for each user in set S. Under perfect CSIT, these vectors have the property that there would be no interbeam interference at any of the users. In practice under imperfect CSIT, because the set of 2B “requested” vectors is limited, they will not match the MIMO channels, and as a result there will be interbeam interference at each of the targeted users. 

In the ideal case of perfect CSIT, the UE linearly combines the signals on its N > 1 antennas using a vector based on the left eigenmode of the estimated MIMO channel. Under imperfect CSIT, we propose the MET-MMSE technique in which each UE uses a minimum mean-squared error (MMSE) detector [3] to eliminate interbeam interference. The detector for user k requires knowledge of the precoding vectors for the users 
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. This information can be transmitted to the user on a control channel. Alternatively, these vectors can be directly estimated by each user based on precoding pilots signals required for channel estimation. 

The feedback and receive processing for MET have similar complexity as the PU2RC counterpart with the same number of antennas—at the receiver, PU2RC likewise uses MMSE detection when N > 1.  

3. Simulation results

In this section we compare the link performance between MET-MMSE with limited feedback and PU2RC for M = 4 transmit antennas.

The PU2RC is implemented by considering the MU-MIMO scheme in [4], with MMSE processing at the receivers and a fixed precoding matrix. Each UE feeds back one scalar CQI (channel quality information) value and an index indicating the corresponding precoding vector. For M = 4 antennas, we assume that the precoding vectors are taken from the columns of 4-by-4 DFT matrices. With B feedback bits, the UE can index up to 2B precoding vectors. For example, with B = 2 bits, it can index the columns of one 4-by-4 DFT matrix. In general, with B bits, it can index the columns of  2B-2  4-by-4 DFT matrices. PU2RC requires that spatially multiplexed users are served by precoding vectors that are drawn from the same unitary matrix in an attempt to maintain orthogonality among them. 

The MET-MMSE is implemented using a random vector quantization (RVQ) scheme, resulting in a lower bound on the performance compared to the performance using a . Each UE feeds back to the base a CDI (channel direction information) using either B = 2, 4 or 8  bits, and a CQI based on a SINR estimation [5]. 

For both the PU2RC and the MET-MMSE, the CQI is not quantized. The simulation parameters are summarized in Table 1.

	Number of transmit antennas
	M = 4

	Element spacing at the base
	10 wavelengths

	Number of antennas per UE
	N = 1,2,4

	Element spacing at the UE
	0.5 wavelength 

	Beamforming techniques
	PU2RC and MET-MMSE

	Channel model
	SCM (urban micro)

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.1, 0.14, 0.2, 0.25, 0.33, 0.4, 0.5, 0.6, 0.67, 0.75, 0.8, 0.89

	Channel feedback bits
	B = 2, 4, 8

	Channel estimation at UE
	Ideal

	UEs per cell 
	K = 10

	MET quantization method
	Random Vector Quantization (RVQ) 



Table 1: Link-level simulation assumptions.

In Figure 1 we compare MET-MMSE and PU2RC, for a M = 4, N = 1 antenna architecture, K=10 users, B =2,4,8 feedback bits over IID channels. (Note that for N = 1, MET-MMSE is equivalent to the zero-forcing proposal in [6].) The MET-MMSE outperforms PU2RC in general, indicating that even nonideal interference nulling improves performance over the SNR range of interest. We recall that the RVQ used by MET results in a lower bound on performance. Therefore we could expect some performance improvement when an actual deterministic codebook is used. 

As the number of feedback bits increases, the number of simultaneous users served by PU2RC actually decreases. For example, with B = 2, four users are served the majority of the time. But with B = 4, only one user is served most of the time. The reason is that PU2RC requires that simultaneous users are served using precoding vectors drawn from the same unitary matrix; for a fixed number of users K and increasing B, the probability that multiple users choose any given unitary matrix decreases. This effect reduces the multiplexing gain and the sum rate metric; however the negative effect is offset by the additional channel knowledge precision afforded by additional bits. Overall, the later effect is greater, resulting in a slight performance improvement for PU2RC as B increases. 

For MET-MMSE, there is no restriction on the precoding vectors of simultaneously served users. Therefore the number of users served remains high even as B increases. In this case, the additional channel knowledge precision resulting from high B also improves the overall performance. We note that the MET performance becomes interference limited at high SNR because the number of feedback bits is not enough to provide the precision needed [7].

In Figure 2, we make a similar comparison except that we consider N = 2 receive antennas. For B = 2 bits, the performance of the two techniques is about the same for lower SNRs because PU2RC can perform interference mitigation with its MMSE receivers. Recall that by using the RVQ, the MET performance is actually a lower bound on the performance expected with a deterministic codebook. Nevertheless, even with this lower bound, MET still performs better at higher SNRs because PU2RC performance becomes interference limited at a lower SNR. 

As B increases from 2 to 4, the performance of PU2RC is actually worse than for B = 2. This result is counterintuitive but can be explained by considering two factors. First, as B increases, the probability of transmitting on all modes decreases. Second, the CQI calculation at each UE is performed assuming that an MMSE receiver is used and that all M modes of a given unitary matrix are used. While both factors apply to the N = 1 case, the second factor has a greater negative impact when N = 2 because the resulting CQIs fed back to the NodeB are more conservative, resulting in degraded performance. For N = 2, this negative factor outweighs the positive benefit of the improved channel knowledge at the transmitter. 
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Figure 1: Link-level performance, M = 4, N = 1, K=10 users
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Figure 2: Link-level performance, M = 4, N = 2, K=10 users

4. Conclusions

We propose the MET technique with MMSE receivers using limited feedback. This technique reduces interbeam interference at the NodeB transmitter via zero-forcing beamforming and at the UE receiver via MMSE detection, and it has a similar complexity as the PU2RC technique. Because PU2RC provides no interference mitigation for N = 1, and only at the receiver for N = 2, MET with MMSE can potentially provide significantly higher sum rate throughput for a given antenna configuration.    
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