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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. Under limited feedback conditions, quantized version of the effective MISO channels are fed back by each user (UE) to the Node B instead of the true estimated channel; i.e. UE i uses its estimated MIMO channel knowledge, Hi to compute an initial receive beamformer, vinit. The effective MISO channel is then given by heff,i = Hivinit. A quantized version of heff,i is fed back to the node B using a codebook. The knowledge of the heff,i is then used by the Node B to design the transmit beamforming matrix, W – each column of this matrix is used to precode the data symbols to each multiplexed user [1,2,3].  
Given the knowledge of W, the optimal receive beamformer for user i can be designed using the MMSE criterion as 
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where H​i is the MIMO channel matrix between the Node B and UE i, wi is the ith column of W. σn2 is the noise variance and I is the identity matrix. The design of the above receive beamformer is contingent upon the availability of accurate information of the transmission matrix at each scheduled UE. Hence a signalling scheme is desired to confirm/convey the knowledge of the transmission matrix being used. Some of the previous RAN1 contributions on this issue are available in [3] and [4]. 
Signalling can be done by either sending reference signals (RS) with precoded pilots or by sending bits on the DL control channel. This contribution explores various candidate RS schemes and compares them with the bit level signalling schemes. RS schemes employ precoded reference signals that are precoded using either the transmission vectors constituting the transmission matrix itself or that are uniquely representative of the transmission matrix being used. Alternately, control bits based approach sends bits that uniquely identify the transmission matrix. The fundamental trade off between the RS based and bits based approaches is that the former requires higher processing at the UE while the latter requires much higher control bandwidths. Based on our analysis of this trade off, we propose using reference signalling as the way forward.
2.  Reference Signalling with precoded pilots
Reference signalling can be done by transmitting pilot symbols precoded using the transmission vector(s) themselves or vectors representative of the transmission matrix being used. The node B decodes the pilots and performs hypothesis testing against likely candidate matrices to estimate the transmission matrix being used. We assume that N transmit antennas are used at the node B and that at most N users may be simultaneously multiplexed using a spatial separation beamforming scheme implemented by the node B.  Precoded pilot based reference signalling was outlined in [4] wherein N precoded reference signals would be transmitted to indicate the N transmission vectors being used along with the ordering information enabling each UE to estimate the transmission matrix as well the column intended for itself. In methods that we propose below, we illustrate that such ordering information is not required and that each UE can infer the reference signal intended for it by means of a simple hypothesis test. These methods assume that the spatial separation algorithm implemented by the node B satisfy the following spatial separation property. 
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This is reasonable assumption given that the node B designs the transmit beamformers to accentuate the signal in the “direction” of the effective channel to the desired user and to be low or null in the “direction” of the effective channels to the other users. For example, the zero-forcing based approach proposed in [1] satisfies this property. 
Specific methods for precoded pilot based reference signalling are outlined below. 

2.1 Scheme 1: Precoded beamforming vectors
The node B may select each of the transmission vectors (the columns of the transmission matrix W) one or more vector codebook(s) known to both the node B and each UE. Different codebooks may be used for selecting different columns. N reference signals are transmitted that comprises of N pilot symbols each encoded with the N transmission vectors. Let y1, y2, …, yN denote the N reference signal vectors received at, say UE 1, respectively corresponding to the precoded pilots send using columns 1,2,…, N of W. In a first test, the UE performs a hypothesis testing of each reference signal against the entries in the respective vector codebook in order to decode the transmission vector used for each reference signal. Hence the UE constructs its estimate of the transmission matrix W. A second test is now carried out to determine which of the transmission vectors is intended for it – this can be done as either of the following 
jopt = arg max (j=1,2,…,N) |wjHHivinit|^2

or,
jopt = arg max (j=1,2,…,N) |yjHvinit|^2                                              [3]

2.2 Scheme 2: Precoded beamforming matrices
Each candidate transmission matrix may be associated with a unique vector or a set of vectors. The reference signalling in this case comprises of pilots precoded using the vector or set of vectors uniquely representative of the transmission matrix used. Each UE decodes the reference signals and, by hypothesis testing against vector(s) representative of the candidate transmission matrices, estimates the beamforming matrix W. Once the beamforming matrix is identified or estimated a second test similar to Eq. (3) is used to determine the column/transmission vector is intended for the UE in question. 
Theoretically, one reference signal is sufficient to determine an entire transmission matrix – but for increased robustness, especially under low SNR scenarios and/or scenarios where the set of candidate transmission matrices is large, multiple reference signals may be used. As an example, the first column of each candidate transmission matrix can be used to precode the single reference signal. Each UE can then perform a hypothesis testing of the received reference signal against the first columns of all candidate transmission matrices in order to infer the transmission matrix selected. In another example, a Grassmanian vector codebook may be employed where each transmission matrix is associated with an entry in the codebook. The reference signal may then be precoded using the vector codeword corresponding to the transmission matrix selected and upon receiving the reference signal the UE may infer the code vector and subsequently the transmission matrix W. 
3 Sending bits on the control channel
Instead of sending precoded reference signals, an alternative method for signalling the transmission matrix is by sending control bits uniquely representative of the transmission matrix used. Let Mmax be the set of candidate transmission matrices to be used by the UE. Hence a minimum of log2(Mmax) control bits may be sent to uniquely identify the transmission matrix. While the UE complexity in this case is low since the only decoding that is required at the UE is a look up of the transmission matrix corresponding to the index transmitted using the control bits, the volume of control information required in this case may be quite large. Numerical examples are given in the next section. As in the previous case, no further bits are required send ordering information since the test in Eq. (3) may be applied here again to determine which of the columns of the transmission matrix is intended for the UE in question. 
4 Discussions

One of the fundamental trade-offs between the precoded pilot based and control bits based signalling schemes is the complexity-control bandwidth trade-off. Precoded reference signalling is much more flexible and requires significantly lesser control bandwidth as compared to bit level signalling. However, precoded reference signalling implies added complexity at the UE since additional hypothesis testing has to be done to determine the transmission matrix from the possible set of candidates. 
Table 1 provides numbers enumerating the bit requirements for different scenarios. A feedback vector codebook of size K is assumed (log2K bit feedback). Further, it is assumed that any of 1,2,…N users may be multiplexed and that each unique combination of the K codewords provides a unique candidate transmission matrix, i.e. Mmax the total number of possible candidate transmission matrices is given by

[image: image3.wmf]å

=

÷

÷

ø

ö

ç

ç

è

æ

=

N

i

i

K

M

1

max


and the corresponding bit requirement is given by b = ceiling(log2Mmax). 

	     N↓           K→
	4
	8
	16
	32

	2
	4
	6
	8
	10

	4
	4
	8
	12
	16


Table 1. Minimum bit requirement for RS
4.  Conclusion

We support precoded reference signalling as the way forward since we believe that the control bandwidth requirements in this case outweighs the receiver complexity thereby biasing the trade-off in favour or precoded reference signalling. It can be seen from Table 1 that the control requirement using bit level signalling can be significant and hence we propose precoded pilots based reference signalling as the way forward. 

The control overhead scales with the codebook size and hence makes it more difficult to accommodate control bits based signalling. On the other hand the control overhead with the reference signalling schemes outlined above do not scale with increasing codebook size, transmit elements etc. – however, it might be beneficial in certain cases to increase the number of reference signal for increased robustness. 
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