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1 Introduction
In RAN1#48bis and in [10], the following working assumption was stated, together with questions that need to be addressed during RAN1#49 are:
Working assumption: 

· Define codebook for Node B transmission 

· Unitary codebook (collection of the unitary matrices) for UE feedback generation (from Riga): this does not impose any limitation on the selection of the preferred precoding vector (contained in a unitary matrix of the codebook).
Q1) codebook for Node B transmission and UE feedback generation

Q1a) definition: same or different?
Q1b) size: same or different?
Q2) DL indication: the transmission precoding vector for each UE or the matrix consisting of the vectors allocated for the simultaneously scheduled UEs

Q3) Assumption for CQI calculation regarding simultaneously scheduled UEs: no or yes (if yes, how many?): 
Q4) Scenarios for application of MU-MIMO: high/low spatial correlation? What else?

Q4a) Feedback overhead needed for the considered scenario?
In this contribution, we address these questions and provide a way forward regarding the codebook for 2-Tx and 4-Tx for MU-MIMO.
2 Standardization aspects of MU-MIMO
We believe that there are only 3 aspects that may differentiate MU-MIMO from SU-MIMO:

1. CodebookUE. The codebook used to generate CQI. Currently the working assumption is that this codebook should be a collection of unitary matrices, where the UE can indicate a preferred matrix index and a preferred vector index into the matrix. Using unitary matrices rather than only reporting vectors, has some additional benefits, namely

a. matrices uniquely indicates which vectors will be the interfering vectors. 
b. CQI reporting is accurate in terms of SINR.
2. CodebookNB. The codebook used for eNB transmission. This codebook can have  2 choices

a. CodebookNB is identical to codebookUE. The benefits of this method is that it would minimise the signalling on both the uplink and the downlink while guaranteeing that CQI calculation is very accurate. However it may suffer some performance degradation in some environments.

b. CodebookNB consists of a superset of all the vectors found in the matrices of the codebookUE. Here we prefer that the NB will only signal to a UE the specific vector used for it. This way the UE will only be able to suppress residual intra-cell interference based on calculating the covariance of the received signal such as is done in an IRC receiver.

3. The downlink control signalling. This may include a common control channel, dedicated reference signals, as well as control signalling to indicate multiple scheduling grants of a single resource block. Dedicated reference signals may only be necessary if the codebookNB is much larger than a SU-MIMO codebook. It is interesting to note that in the ideal case, no dedicated pilots are required even for a zero-forcing beamformer implementation. For Example, given a singular value decomposition of a 2x2 flat fading channel matrix 
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, where D represent the interfering channels. The received signal vector is 
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. Given that the UE will equalize with the left singular vector (v1) of the channel, then 
[image: image4.wmf]n

s

r

s

H

H

+

=

=

)

(

ˆ

1

1

1

1

Tu

u

v

s

, which requires no phase reference since 
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 is always positive real. This means that dedicated reference signals are only required to correct for the imperfections in the design assumptions.
We believe that the decision of how to construct the code matrix from the vectors in the codebookNB, (whether it is unitary or non-unitary) is a decision made by the NB. Also, it is true that in different environments, different scheduling and precoder selection algorithms will be optimal as has been shown in [11]. Possible environments include correlated vs. uncorrelated fading, large or small spaced NB antennas, size of UE population and number of UE antennas. The advantages and disadvantages of unitary vs. non unitary precoding at codebookUE is summarised in Table 1.  

Table 1 Comparison of unitary precoding vs. non unitary precoding for codebookUE
	Aspect
	Unitary Precoding
	Non Unitary Precoding

	CQI
	Interference Estimation Exact
	No Interference Estimation

	
	Precoder selection maximize SINR over subband 
	Vector maximizes SNR over subband


	Channel
	NB makes no assumption
	NB assumes channel is flat

	Signaling
	Low signaling overhead

	High overhead 
(1) codebooks are larger, 
(2) DL dedicated reference signals

	Performance
	Good Performance in high load

	Good performance in Light load and frequency flat channels

	
	Good Performance in frequency selective channels
	Poor performance in High Load and frequency selective channels

	
	Poor performance in asymmetric (Nx1) case
	Good performance in asymmetric case

	Robust
	Insensitive to time/frequency selectivity 
	Very sensitive time/frequency selectivity


Based on this analysis, it is clear that the options to minimize the signalling overhead will be

1. CodebookUE consists of a small number of unitary matrices, or a combination of all the vectors in the matrices. The NB indicates to the UE, to calculate CQI based on matrices or on vectors, semi-statically, after considering the performance and signalling tradeoff.

2. CodebookNB consists of at least all the vectors in codebookUE. 

3. We propose not to introduce any additional dedicated reference signals purely for MU-MIMO.
3 Answers to Chair’s Questions

Q1) codebook for Node B transmission and UE feedback generation

Q1a) definition: same or different?: Different
Q1b) size: same or different?: Different: codebookNB contains codebookUE
Q2) DL indication: the transmission precoding vector for each UE or the matrix consisting of the vectors allocated for the simultaneously scheduled UEs: : Precoding vector for each UE.
Q3) Assumption for CQI calculation regarding simultaneously scheduled UEs: no or yes (if yes, how many?): NB determines if UE does rank adaptation, or if UE always assumes rank one transmission. 
Q4) Scenarios for application of MU-MIMO: high/low spatial correlation? What else?: Heavy vs. Light load. Frequency flat vs. selective fading
Q4a) Feedback overhead needed for the considered scenario?: Feedback overhead could be fixed, between light and heavy load. Therefore under light load the codebook size could be larger than in heavy load.
4 Codebook for 2-Tx MU-MIMO
The codebook in Table 2 is believed to be a minimum 2Tx antenna codebook with minimum control overhead. . The codebook in is believed to provide a reasonable trade-off between size and performance while at the same time addressing several important scenarios including correlated and uncorrelated fading setups.

Table 2: Codebook for 2-Tx antennas MU-MIMO
	Codebook 
	Total Size
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Note that for notational brevity, a scaling factor normalizing each codebook element has been intentionally omitted from the table. This scaling factor ensures the total transmit power is constant regardless of which precoder element is applied.
The work in [9] illustrates that in certain scenarios it can be beneficial if the NodeB has the ability to further constrain the precoder to a subset of all precoder combinations.
5 Codebook for 4-Tx MU-MIMO
The codebook in Table 3 is believed to be a minimum 4-Tx antenna codebook with minimum control overhead. The codebook in is believed to provide a reasonable trade-off between size and performance while at the same time addressing several important scenarios including correlated and uncorrelated fading setups.

Table 3: Codebook for 4-Tx antennas MU-MIMO
	Codebook 
	Total Size
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Note that for notational brevity, a scaling factor normalizing each codebook element has been intentionally omitted from the table. This scaling factor ensures the total transmit power is constant regardless of which precoder element is applied.

6 Conclusion
As a way forward we propose the following:

· Adopt the UE codebook in Table-1 for 2-Tx antennas and in Table-2  for 4-Tx antennas MU-MIMO as the working assumption.
· The NB can semi statically restrict the codebook size per UE.

· The NB can semi statically on a per UE bases decide if vectors or unitary matrices are used for CQI calculation

· Do not introduce additional dedicated reference signals purely for MU-MIMO. 
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