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1. Introduction

Multi-user MIMO (MU-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. 
2. Codebook design

The design of the transmit weights or precoding matrix to achieve spatial separation can be done in several ways – however, it is desirable that the designed precoding matrices 
1. Maximize system performance 

2. Provide flexibility to the scheduler to multiplex users
3. Be invariant/robust to the number of antennas and processing capabilities at each UE.
The spatial separation of stream can be done at the UE or the Node B – these schemes can be referred to as Spatial Separation at UE (SSU) and Spatial Separation at Node B (SSN) respectively. The SSU scheme in [6], denoted as Unitary precoding (UP), relies on scheduling users on the same RB that select different layers of the same codeword, where the UE feedback the preferred precoding matrix along with preferred column. Cases may arise where in the absence of an eligible set of users for a RB, SSU scheme 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 [ref:Samsung] albeit at the cost of sacrificing the benefits of a better resolution codebook. Two sources of suboptimality due to this can be identified  

1) Loss in beamforming gain: due to coarse channel feedback as a result of small codebooks

2) Loss in scheduling gains: since SSU schemes force groups of UEs together which have chosen the same precoding matrix – this group may not be optimal from a viewpoint of maximizing sum throughput.

The above disadvantages of SSU schemes are mitigated in SSN schemes like zero forcing (ZF) type multi-user beamforming [1- 4] which consequently show better performance. In ZF methods, the transmit precoding matrix is designed using  the UEs feedback of channel information such that the interference caused by the stream of one UE is minimised to the co-channel UE(s). This ensures that the resulting SINR at each UE is better (compared to UP method). For further clarity, the interference due to the other UE  is minimized automatically in the SSN design, whereas it has to be explicitly cancelled by the UE using its antennas in the case of a SSU design – this gives little freedom to the UE in terms of designing its receive vector and may consequently affect performance – and also requires an extra antenna at the UE to do the cancellation. It also implies that the transmit precoding vectors used by the Node B may not the same as the one fed back by the UE (as required by the UP method) – consequently the codebooks at the UE side and Node B side are not the same.
In the proposed SSN scheme, 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, from [5],
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(1)
and u1,…,u2 are the codewords fed back by the ‘n’ users scheduled in the RB from the UE codebook. I is the 2x2 identity matrix and α is a small constant. The regularization provided by the term αI produces smoother troughs of responses towards the direction of interference UEs instead of ‘zeros’, thereby reducing the constraints on the beamforming algorithm and improving performance by building robustness around errors due to quantization, estimation etc.
Note that for a UE codebook of size ‘K’, the number of Node B codewords obtained are (K choose n) – however the resulting codebook can be reduced in size by pruning codewords corresponding to combinations of UE codevectors which result in sub-optimal Node B codewords.
3. Proposed UE and Node B Codebooks – 2Tx Antennas
The following 3-bit UE codebook obtained using Grassmanian design is proposed. 
	2Tx UE codebook, size = 8
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The resulting Node B codebook is obtained from (1) after pruning to reduce to size of 4 bits is given in the following table where α = 0.1 was used.
	Number
	Codeword

	W1
	W(u1, u3)

	W2
	W(u1, u5)

	W3
	W(u1, u6)

	W4
	W(u2, u3)

	W4
	W(u2, u4)

	W6
	W(u2, u6)

	W7
	W(u2, u7)

	W8
	W(u3, u4)

	W9
	W(u3, u7)

	W10
	W(u4, u5)

	W11
	W(u4, u8)

	W12
	W(u5, u7)

	W13
	W(u5, u8)

	W14
	W(u6, u7)

	W15
	W(u6, u8)

	W16
	W(u7, u8)


4. Performance Comparison

The following curves compare the system level performance of the proposed ZF codebooks (3 bit UE codebook and 4 bit Node B codebook) with the UP method with 2-bit codebook (same codebook at UE and Node B) given in [6]. Details of the simulations can be found in [7,8].
We note that for UP a 2-bit codebook gives the best performance – increasing codebook size degrades performance [6].

Note that in [8], we have shown that there is even a larger difference in performance of the ZF and UP schemes when each UE has a single antenna.
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	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
	150

	FFT size
	1024

	NumTXAnt
	2

	NumRXAnt
	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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