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1. Introduction

The following was agreed in RAN1#60 with respect to feedback framework for Release 10:

· Implicit feedback (PMI/RI/CQI) is used also for Rel-10

· UE spatial feedback for a subband represents a precoder (as constructed below)

· CQI computed based on the assumption that eNodeB uses a specific precoder (or precoders), as given by the feedback, on each subband within the CQI reference resource

· Note that a subband can correspond to the whole system bandwidth

· A precoder for a subband is composed of two matrices 

· The precoder structure is applied to all Tx antenna array configurations

· Each of the two matrices belong to a separate codebook

· The codebooks are for further study

· The codebooks are known (or synchronized) at both the eNodeB and UE

· Codebooks may or may not change/vary over time and/or different subbands

· That is, two codebook indices together determine the precoder

· One of the two matrices targets wideband and/or long-term channel properties 

· The other matrix targets frequency-selective and/or short-term channel properties

· Note that a matrix codebook in this context should be interpreted as a finite enumerated set of matrices that for each RB is known to both UE and eNodeB.

· Note that Rel-8 precoder feedback can be deemed as a special case of this structure
Further, the following was agreed in RAN 1 #60 bis, building on the above framework.

· A precoder W for a subband is a function of two matrices W1 and W2, i.e. where W1 ( C1 and W2 ( C2. The codebooks C1 and C2 are codebooks one and two, respectively.

· W1 targets wideband/long-term channel properties

· W2 targets frequency-selective/short-term time channel properties

· For PUCCH, the feedback corresponding to W1 and W2 can be sent in different or the same subframe (unless it turns out that the payload is too large to ever send W1 and W2 in the same subframe on PUCCH).

· Periodic and aperiodic reports are independent

· For PUSCH: FFS

· FFS whether feedback corresponding to W1 and/or W2 may be switched off

We refer to this feedback structure as two-component feedback, which is based on the following:

· Capture feedback information for the wideband channel property that changes only slowly.

· Capture additional feedback information for the subband channel property.

· The two component feedback conveys the final precoder recommended by UE as a sub-band precoder constructed from both components according to a well-defined relationship.

Two-component feedback is especially beneficial with larger number of transmit antennas, e.g, 8 TX, with correlated subgroups of antennas. The goal then should be to achieve significant improvement in performance in both SU and MU operation, while taking advantage of separation of correlated + uncorrelated components to achieve efficient compression. 
2. Two component framework for 8 Tx: Further Description
2.1. Precoder and spatial correlation with Kronecker Product
Since the precoder relates to the spatial correlation, we can describe the spatial correlation matrix and its structure first. The observation leads to the precoder structure we propose later for imposing on the two-component feedback structure.  An eight antenna cross-pol configuration is shown below, where cross-pol antennas are separated by 0.5
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In the above cross-pol configuration, the subgroups (1,2,3,4) and (5,6,7,8) are highly correlated, while the antennas in different subgroups are approximately uncorrelated due to different polarizations. In this case, the transmit spatial covariance, for example could be approximated as a Kronecker product of two individual covariance matrices corresponding to the ULA part and the cross-pol part [4]. 
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Further, the covariance of each subband indexed ‘b’ can be approximated by fixing the ULA component as 
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. Here, the subscript ‘WB’ denotes wideband, in cases where the narrowband /subband ULA covariance matrix is approximated as the same as the wideband covariance matrix. The ‘optimal’ precoding vector for SU-MIMO rank-r transmission on the subband is
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extracting the r principal Eigen vectors of the approximated narrowband covariance matrix. However, the principal Eigen vectors “V” and Eigen values “D” of the matrix are related to that of the Kronecker components as,  
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where the “permute” operation  performs re-ordering of Eigen values. As an example, let us consider a 4 Tx cross-pol case where both the ULA and cross-pol sub-matrices are of size 2x2, i.e, 
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For illustration, let us consider a rank-2 SU-MIMO transmission. Typically the cross-pol covariance matrix is very likely rank-2 and ULA covariance matrix can be approximated as rank 1. More specifically, if the two Eigen values ratios satisfy
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, then the rank-2 SU-MIMO precoder based on Kronecker approximation for covariance, after corresponding re-ordering, can be approximated as 
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On the other hand, in case of 
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 (which is less likely but could occur on some sub-bands), the rank-2 precoder may be approximated as 
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As illustrated in the above case, the Kronecker structure could be imposed on the precoder itself. Of the two components, the component 
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 can be fed back on the wideband basis and the co-phasing vectors 
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Based on the Kronecker based product, it may be sufficient if we use the first construction based on rank 1 ULA covariance matrix approximation (which is likely to happen quite often), as follows [6],
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2.2. Generalized Precoder Structure based on Matrix Partitions 

The above Kronecker based representations are in general efficient, but we also note that further performance improvement can be obtained, especially for higher ranks [2]. Specifically, it imposes some restriction that results in reduction in subband precoding gains for ranks higher than 1. We consider a more flexible structure that is based on a similar principle to use a wideband and subband information but is not constrained to a strict Kronecker  structure.
Such representation of a precoder on a subband basis can be expressed using partitions that correspond to antenna sub-groups. The rank-2 precoder on a subband, may then be represented as follows, 
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where 
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is a 4x1 (assuming 8-Tx eNB) vector. A simple modification is of the form
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and then we can impose the constraint 
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are real values and 
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. To satisfy equal power constraint on each transmit stream, we impose additional constraint of 
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. To satisfy full power utilization on each individual transmit antenna, we could impose as a sufficient condition, that 
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 are constant modulus vectors. So, we could further simplify the block-representation to 
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Clearly, the above is the most general structure and captures the maximum subband flexibility, though not efficient or necessary in terms of overhead (because 
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are closely related to the one or two dominant eigen-vectors of the covariance matrix of the ULA part which is rank-1 or 2 typically). But it leads to further simplifications that work well.
3. Proposed Feedback

Based on the observation in previous section, we can further confine the component precoder feedback to reduce overhead. We can limit the number of vectors feedback on the wideband (i.e., 
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) to two, represented as 
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for rank-2 (which can approximately be seen as the two principal Eigen vectors of ULA covariance). In this case, we propose the following precoding construction based on Hadamard product of the two components:

1) A first component, representing the wideband property of the ULA sub-array: 
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2) A second component of the form of
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, also in a codebook format on a subband basis 

3) Constructing the precoder per one of the three forms,
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The above three representations of final precoder matrix capture three different cases of interaction between the ULA spatial components and the cross-pole spatial components. Mainly, they correspond to the following three cases:
i)   ULA is strictly rank 1 and cross-pole is used to achieve the rank-2 spatial separation

ii)  ULA is highly rank 2 and can be used mainly for spatial separation

iii) All other cases, where ULA and cross-pole show rank 2 behavior
3.1. Codebook Representation as Matrix Product
We give an example of component codebooks based on above observations using DFT codebook.

The first component/wideband codebook is represented as follows, 
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which is essentially to capture 
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, each of which are taken from a DFT codebook. 

The second component/the subband codebook may be represented as follows,
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The subband precoder can be obtained as the product,


[image: image37.wmf]12

WWW

=




The final codebooks are obtained by selecting a subset of combinations enumerated above, also satisfying the orthogonality constraint between columns of the final precoder.

4. Results
In this section, we evaluate the performance of two-component feedback for SU rank 2 transmission. The simulations are based on a single isolated cell. Simulation parameters and modeling assumptions are provided in the table below. Sum good-put (corresponding to 10% FER and the LTE Release-8 MCS) of the two users based on post-processing receive SNRs is plotted in results below in bps/Hz against user SNR in dB. At least one of the components is feedback on a subband basis and frequency selective precoding is used. 
Results are based on each drop of one user in a single cell. No rank adaptation is performed and results are averaged over all the drops in a simulation.

	Parameter
	Value

	Channel Model
	ITU  UMi

	Antenna Configuration
	8-Tx eNB: XPOL, 0.5 Lambda +45/-45
2-Rx UE: XPOL +90/0


	Duplex method 
	FDD

	Link adaptation
	Ideal 

	Channel estimation
	Ideal channel estimation 



	Feedback Impairments
	Total Delay (Feedback+Scheduling): 10 ms ;



	Rate Metric
	Goodput based on MCS in Release 8

	Overhead
	Same overhead for all transmission modes.

116 data REs per RB assumed.

	Number of users per cell
	Two. Forced to same geometry

	Receiver Assumption at the UE
	MMSE. Ideal Knowledge of interferer channel.

	Subband Size
	6 RBs


Table 1 - Simulation Assumptions
The codebooks simulated are captured below. 
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	Codebook 1
	4 bit DFT codebook  for W1 feedback on wideband using representation 1 only 
	2 bit co-phasing codebook on subband

	Codebook 2a
	8 bit DFT codebook for W1 feedback on wideband
	4 bit codebook for W2. Codebook elements limited to representations 1 & 3 

	Codebook 2b
	8 bit DFT codebook for W1 feedback on wideband
	5 bit codebook for W2. 

	Codebook 3
	8 bit DFT codebook for W1 feedback on a subband basis 
 
	6 bit codebook for W2
( Higher overhead of 12 bits per subband)


Table 2 – Simulated Codebooks
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Figure 2 - Rank 2 Performance with Two Component Codebooks
Observations:
1) We have shown in [2] that using two-component feedback obtains good performance with SU/MU

2) From the above figure, we can see there is clearly a significant gain for rank 2 performance by using a more general two component codebook.  
3) Further, initial investigations show that using a 8 bit codebook for wideband and 4 bit for subband can also realize significant gains, especially at high SNRs.
4) Additional optimization of codebooks may be helpful, to improve performance overhead trade-off. Some possibilities could be to use a subband differential representation of wideband vectors to approach performance of codebook 3. But, overhead should be considered with such enhancements. 
5. Conclusions
An enhanced two-component feedback structure and corresponding codebooks are proposed here to further improve performance of two-component framework. The constructed codebook has following properties: 

i) A matrix product structure 
ii) Based on DFT vectors 
iii) Full power utilization on all antennas 
Initial link level performance results indicate that for SU rank 2, significant performance improvement can be obtained by supporting a wideband codebook of size 8 and subband codebook size of 4. 
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