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1. Introduction

Multi-user MIMO is a closed loop method where channel knowledge of the different users is exploited to schedule multiple users on the same resource blocks (RB). Multiplexed users on the same RBs can be separated in the spatial dimension by designing appropriate transmit and receive antenna weight vectors. Under limited feedback conditions, quantized version of the MIMO channels are fed back by each user (UE) to the Node B instead of the true estimated channel. 
In RAN1 #47bis, it was decided that the switching between the single user (SU-MIMO) and multi-user (MU-MIMO) modes would be done on a semi-static basis. In semi-static switching, a group (or all) of resource blocks is either in SU-MIMO or MU-MIMO mode. The switching can be done on a time scale that can be set depending on the dynamics of the channels and the number of active users – the exact mechanism for switching is FFS. In the SU-MIMO mode multiple streams are scheduled to a single user in a given RB. In the MU-MIMO mode, as agreed in RAN1 #47, multiple users are scheduled in a given RB, such that user will only be scheduled one stream in each RB. Previous contributions on MU-MIMO such as [1], [2], [3] and the contribution described in this paper are based on zero-forcing beamforming in which the Node-B separates multiple users scheduled on the same RB by appropriately designing the transmit weight vectors for each user based on quantized information of the effective vector channels to each UE. In [4], a MU-MIMO scheme called PU2RC was proposed, which aligned with the dynamic switching framework. However, if the PU2RC scheme is used in the MU mode (i.e with only one CQI), it still suffers from serious drawbacks. Since semi-static switching mandates the use of at most one stream per user per RB, and since PU2RC relies on scheduling users on the same RB that select different layers of the same codeword, cases may arise where in the absence of an eligible set of users for a RB, PU2RC may be able to schedule only one stream and one user on certain RBs. The probability of this event can be reduced by employing small size codebook albeit at the cost of sacrificing the benefits of a better resolution codebook that ZF-based schemes exploit. Further, since the CQI fed back by each UE is based on the assumption of an interfering user on the other layer, in case that only one stream and one user is scheduled on a RB, the Node-B is bereft of accurate CQI information in selecting the appropriate MCS level. 
This contribution presents system level simulation results comparing unitary codebook based PU2RC scheme with the zero-forcing based method that we proposed earlier in [1] and the details of which we present in [6]. The results show that ZF based MU-MIMO performs better than PU2RC in almost all cases considered for a 2x2 system and significantly better than PU2RC for a 2x1 system. 
2.  Multi-user MIMO Downlink System
The proposed MU-MIMO scheme is described in Figure 1. Each UE estimates the MIMO channel matrix for each resource block. Based on the channel estimate each UE designs a receive beamformer, elects an appropriate codeword from a given codebook of vector and computes the effective CQI independently for each RB. The codeword u is selected from a codebook for each RB to best represent the vector quantity Hv where v is the receive beamformer and H is the channel matrix corresponding to the RB (with Nt rows and Nr columns; Nt, Nr are the number of NODE B and UE antennas respectively). This mapping is represented by the vector quantization function Q(.) in Fig.1. 


[image: image1]
Figure 1. Multi-user MIMO DL System
Note that the codeword u can be selected from a unitary matrix codebook by selecting a preferred codematrix and preferred column. The selected codeword, u, and the corresponding estimated CQI are fed back to the Node B. This information is used by the NODE B to schedule 2 users (in our example) per resource block. The transmit beamformers for each user per RB are calculated using regularized zero forcing beamforming [5] – specifically the transmit beamformer weights are given by the normalized columns of the matrix W where W = X[XHX + αI]-1 and where X = [u1 u2], u1 and u2 being the codewords corresponding to the two users scheduled in the RB. I is the 2x2 identity matrix and α is a small constant.
Note that the CQI that is fed back is calculated by each UE without prior knowledge of the other user’s code or transmit beamformer. Since the NODE B implements zero-forcing beamforming, the interference due to the other user’s transmission arises due to imperfect knowledge of Hv at the NODE B due to the quantization process. Hence the interference seen by each UE is proportional to the quantization error eq2 where eq2 = || Hv/||Hv|| - u ||2 where u is the selected codeword. Hence UE 1 estimates the CQI to be fed back using the following formula
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where P is the transmit SNR. Note that the interference term in (1) is a blind estimate of the interference the UE will see since it does not know which UE it will be paired with – as a result, the ZF technique presented here is robust to variations in interference see by the UE.
This CQI is estimated based on the assumption that u1 is used for transmit beamforming – however, due to the zero-forcing constraint imposed by the NODE B the actual transmit beamformer used for user 1, say w1 may be different from the requested u1. Hence the CQI value fed back by each UE is adjusted by the Node B to account for this effect. The NODE B computes a more realistic estimate of the CQI, CQIeff  by applying the following correction
CQIeff  = CQI . |w1Hu1|2                                                              (2)
Note that the above correction accounts for the penalty due to the zero-forcing constraint thereby providing a more accurate estimate of the actual CQI.

2.1 Selecting the codeword u and receive beamformer v

The codeword u and the beamformer v are jointly chosen with the objective of maximizing the CQI using the formula in (1). In one case, u may be chosen to be the dominant left singular vectors of the channel matrix H, that is, u maybe chosen to represent the codeword which is closest to the dominant left singular vector of H. Given this choice of u the receive beamformer v  may be designed to maximize the metric in Eq. (1). Additionally, the metric in (1) may be jointly optimized over possible v and u to get the best performance. 
3. Simulation Results
We present results from our system simulator comparing the proposed ZF-MU-MIMO scheme with PU2RC for 2x2 and 2x1 systems. Both the PU2RC and the ZF-MU-MIMO schedulers schedules 2 users per RB in case multiple eligible users are available; otherwise, only one stream to one user is scheduled on the same RB.  The results shown here use a Grassmanian codebook of size 8 and size 32 for ZF-MU-MIMO and a DFT codebook of size 2 for PU2RC which represents the best case for PU2RC since a larger number of matrix codewords reduced the probability of having multiple users available for scheduling on the same RB. On the other hand, with the non-unitary codebook structure used by ZF-MU-MIMO any two users that have selected different codewords are available for scheduling on the same RB – the scheduler selects from the available pairs, the pair that maximizes estimated sum-capacity while also satisfying the PF scheduling criterion. Hence the non-unitary codebook structure offers much greater flexibility of scheduling for ZF-MU-MIMO relative to PU2RC. The system simulation parameters are detailed in Table 1. 
The simulation results for the 2x2 case are shown in Fig. 1. It can be seen that 
· ZF MU-MIMO with 3 bits of feedback performs better than PU2RC in all cases except in the case of 4 users while ZF MU-MIMO with 5 bits performs better than PU2RC in all cases. 
· We emphasize that the size of codebook used for PU2RC simulation is the best for PU2RC performance since larger codebook offer lesser gains with PU2RC due to scheduling difficulty. Whereas, the performance of ZF MU-MIMO offers non-decreasing gains with larger codebook sizes since a better granularity of channel feedback is obtained. 
The simulation results for the 2x1 case are shown in Fig. 2. We observe that 
· Performance of PU2RC drops significantly. This drop in performance is due to the fact that since each UE has only one antenna it has no means of suppressing the interfering stream. Meanwhile the node B continues to schedule multiple users on the same RB using unitary precoding. In such case the receiver unit at each UE is forced to treat the interfering stream as noise and hence leading to significant drop in SINR. 
· The performance of ZFBF does not suffer as much compared to the 2x2 case since the spatial separation between the different user streams (aligned to the user channels) is done at the node B – since the node B uses its transmit antennas to zero-force or reduce interference due to transmission of one user to the other users stream, the receive SINR is still within acceptable levels. Of course, there is an expected drop in performance due to the reduction in the number of receive antennas.  
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Figure 1: Spectral efficiencies of ZF and PU2RC MU-MIMO schemes for a 2x2 system.
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Figure 2: Spectral efficiencies of ZF and PU2RC MU-MIMO schemes for a 2x1 system.
4. Discussion of performance and overhead requirements

· The results illustrate the significant performance benefits that can be achieved with the ZF-MU-MIMO scheme. We conclude that the proposed scheme offers great benefits and performance improvements for implementing a MU-MIMO system and recommend incorporation of ZF in LTE for MU-MIMO.

· ZF techniques presented here are robust to interference variations since we report CQI based on blind estimation of interference.

· The proposed ZF requires feedback of only 1 CQI and one codebook index (corresponding to the quantized equivalent channel) from the UE to Node B.
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Table 1 System simulation parameters
	Parameter
	Assumption

	Scheduling algorithm
	Proportional Fairness

	Channel model
	TU (Typical Urban)

	Traffic model
	Full queue traffic

	Frequency re-use
	1

	Transmission bandwidth 
	10MHz

	Inter-site distance
	0.5km

	Cellular layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Shadowing correlation between cells / sectors
	0.0 / 1.0

	Modulation schemes 
	QPSK, QAM16, QAM64

	Channel coding rates
	QPSK: 1/6, 1/5, ¼, 1/3, ½, 2/3, ¾, 4/5,

QAM16: ½, 1/3, 2/3, 3/4, 4/5

QAM64: ½, 1/3, 2/3, 3/4, 4/5

	Propagation Loss
	20

	Doppler (Hz)
	30

	Number of Drops
	100

	Number of SUBFRAMES Per Drop
	100

	FFT size
	512

	NumTXAnt
	2

	NumRXAnt
	1,2

	Number of Resource Blocks
	50

	BS_TX_Power
	46dBm

	Number  of carriers per Resource Block
	12

	Thermal noise density
	-174 dBm/Hz

	Resource Block (SUBFRAME time) 
	1ms

	CQI delay in scheduling and AMC 
	3 SUBFRAMES

	Max Number of HARQ Retransmissions (IIR)
	4
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