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1. Introduction

The following way forward was agreed in RAN1#61 with respect to feedback framework for Release 10:

· A precoder W for a subband is obtained as a matrix multiplication of the two matrices (Wk , k = 1, 2) 

· Note that two codebooks need to be designed

· Note that a Kronecker structure is a special case

· Note that the matrices can have block structure (e.g. block diagonal) 

· Some codebook proposals may require explicit normalization 

· For 8 Tx, the precoder W can take on the form of

· For rank 1, at least 16 different beams (grid of beams) for co-polarized ULA

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain 

· Example: DFT based precoder vectors

· For rank 1 and rank 2, at least 8 different beams (grid of beams) for each group of 4 co-polarized antennas in the closely spaced cross-polarized setup

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain 

· Example: DFT based precoder vectors

· Additional precoders are not precluded

· At least for a (configurable) subset of the precoders W obeys the following properties

· Full PA utilization property, i.e.,

· Orthogonal columns with same norm (unitary precoding) 

A summary of our proposal using matrix multiplication for two component feedback is outlined below

Proposal 1 : Construct the subband precoder as W1W2 with W2 capturing the subband component for the cross-pol sub-structure and W1 capturing the wideband component for ULA sub-structure
· W1 is a diagonal matrix of dimension Nt X 2r, where Nt is the number of transmit antennas and r is the rank of transmission.

· W2 is a matrix of dimension 2r X r, which performs selection and co-phasing of DFT vectors in W1.
· Ex: W1 = 
[image: image1.wmf]12

12

00

00

vv

vv

éù

êú

ëû

for rank 2
· [v1, v2] is from DFT based codebook. v1,v2 is based on 3 or 4 bit DFT 

· Further details on W2 2r X r matrix can be found in the contribution

Proposal 2: Construct the subband precoder as W2W1 with W1 still capturing the wideband component for ULA sub-structure, but W2 capturing the subband component of both the cross-pol and ULA sub-structure
· W1 is a diagonal matrix of size r•Nt X r, where Nt is the number of transmit antennas and r is the rank of transmission.

· W2 is a Nt X r•Nt matrix, which performs selection, rotation and co-phasing of DFT vectors in W1.
· Ex: W1 = 
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for rank 2, [v1, v2] is from DFT based codebook. v1,v2 is based on 3 or 4 bit DFT

· Ex: W2 = 
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u=rotation vector from a differential DFT codebook to adjust/up-sample wideband ULA component.
Two-component feedback is especially beneficial with larger number of transmit antennas, e.g., 8 TX, with correlated subgroups of antennas. With two-component feedback, we can capture the common wideband information which represents the ‘mean’ of the channel and the subband variation with respect to such ‘mean’. Clearly, the mean/wideband component would be based on the ULA components of the channel, while the subband component could depend on both the ULA and the cross-pol components that were not sufficiently captured in the first component. Efficient allocation of bits for subband component should capture any variation from the mean and brings most gain. This could depend on the antenna configuration and spacing at the transmitter.
In this contribution, we look at a generalized precoder structure that captures the subband variation based on the agreed matrix products framework. Further, we recommend some optimized codebooks to target different antenna configurations and evaluate these proposals using system simulations.

Sections 2&3 present some background and motivation for proposed codebooks from [1], whereas specific codebook details are provided in Section 4 followed by system simulation results. 
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. 
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Further, the covariance for each subband indexed ‘b’ can be approximated as 
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if we assume the same wideband and narrowband covariance for the ULA component. Here, the subscript ‘WB’ denotes wideband. The ‘optimal’ precoding vector for SU-MIMO rank-r transmission on the subband is
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where the above notation represents extracting the r principal Eigen vectors of the approximated narrowband covariance matrix 
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. However, the principal Eigen vectors and Eigen values of the matrix 
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are related to the SVD of the two 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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//

llkk

<

 (which is less likely but could occur on some sub-bands), the rank-2 precoder may be approximated as 
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Note the precoder is approximately different depending on whether the cross-pol or the ULA sub-structure has a larger eigenvalue spread. Even though it is more likely the ULA sub-structure will result in a larger eigenvalue spread, i.e., closer to rank-1 or more likely be utilized for beamforming gain, on some sub-band, it may not be true all the time, especially as the spacing of ULA elements becomes larger.

Normally the idea of two component feedback will allow us to feed back the component 
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 on the wideband basis, and the co-phasing vectors 
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 can be fed back on each subband.
The first construction, which is based on the observation that ULA covariance matrix is rank-1 (which is likely to happen quite often as discussed), will lead to the following precoder structure [2],
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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 rank-2 SU or MU [1]. Specifically, it is based on some strong perception that ULA is always rank-1, even on a subband basis. 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 
[image: image22.wmf]ij
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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 further satisfy full power utilization on each individual transmit antenna, if needed, we could impose as a sufficient condition, that 
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 are constant modulus vectors. 
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 component matrices:

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 represent 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 both ULA and cross-pole show some kind of rank 2 behavior. We observed that this could be an important case when rank-1 behavior for ULA component is not as dominant on some sub-band or when the antenna spacing increases.  
Even though cross-pol component will most likely vary over sub-bands, the ULA components v1 and v2 may also show some additional variation over the subband (especially if the accuracy for v1 and v2 is not high enough), which can be captured using a rotation matrix to fine tune these vectors and thereby effectively increasing DFT sampling. The codebook representation is provided in the section below.

3.1. Codebook Representation as Matrix Product
We give an example of component codebooks based on above observations using DFT codebooks 
The first component/wideband codebook is represented using a block structure as follows, 
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which essentially captures 
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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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where D is an optional diagonal matrix, i.e., if we need to rotate v1 and v2 on a subband basis as well, otherwise an identity matrix. 

The subband precoder can be obtained as the product,
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Clearly, as explained in our proposal 1, if D is fixed to an identity matrix W1W2 representation may also be used.


4. Proposed Codebooks
Based on development in the above section, we provide the details of the codebooks for simulation. 
Definitions

Base DFT codebook is defined as below,
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2-bit rotation codebook can be obtained as follows
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Later, we use a 3-value rotation as defined using 
[image: image45.wmf][-2,0,2]
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4.1. Codebook for 8 Tx

Rank 2 Codebook 

First Codebook W1 (6 bit with 3 bit DFT each for v1 and v2)
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Second Codebook W2 (2~4 bit)
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Note that above codebook has 2 entries for T1, 4 for T2 and 4 for T3, for fixed 
[image: image48.wmf]r

and D. Further, in the above expressions the co-phasing values 
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 are chosen to satisfy orthogonality of two columns.

We select subsets of these entries to obtain different overhead for W2 as tabulated below.
	Overhead for W2
	W2
	Notes

	CB1 – 1 bit
	1 bit (T1)
	Ericsson [2]

	CB2 – 3 bit
	3 bit (T3: 
[image: image50.wmf]a

={+/-1,+/-j}
[image: image51.wmf]r

=0.5,0.9)
	Only T3 structure is kept since it is observed quite common that both ULA and cross-pole component show some kind of rank 2 behavior


	CB3 – 3 bit 
	1 bit (T1), 2 bit D
	Subband refinement of ULA component.
This is somewhat similar to Samsung proposal, expect that for rank 2 codebook in Samsung proposal both v1,v2 are used for wideband component.

	CB4 – 4 bit
	Total of 15 entry codebook: 
3 entries for subband rotation matrix D of ULA component, i.e., D(k), k=[-2,0,2]); 

5 entries for subband cross-pol component, i.e., (T1 :
[image: image52.wmf]a

=1) and (T3, 
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={+/-1,+/-j},
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=0.5)
	Our Proposal
(Code book provides subband refinement of both ULA and XPOL components)


Table 1 – Rank 2 Codebooks
The last codebook has 4 bit overhead (similar to that of Release-8 4Tx feedback) and captures both ULA/XPOL variation on the subband. Our results indicate that CB4 codebook shows robust performance among various antenna configurations, hence the proposal of adopting CB4 for W2. On the other hand, for specific antenna configurations, feedback scheme CB2 or CB3 may show good performance.

Note that the proposed codebooks do not force strict orthogonality either on the ULA or the cross-pol part for some of the codebook entries, which provides additional dimensions in the codebook construction. 
Rank 1 Codebook
First Codebook W1 (3 bit DFT)
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Second Codebook W2 (2-4)
Clearly, the overhead could follow the overhead for the Rank 2 codebook, in which case, we can have the following codebooks for rank 1.
	Overhead for W2
	W2

	CB1 - 1 bit
	1 bit co-phasing

	CB2 - 3 bit
	1 bit co-phasing + 2 bit D

	CB3 - 3 bit 
	1 bit co-phasing + 2 bit D

	CB4 - 4 bit
	2 bit co-phasing + 2 bit D


Table 2 - Rank 1 Codebook
Note: In our results, we have used the same Rank 1 codebook for all simulated cases, which is based on 2 bit co-phasing.
4.2. Codebook for 4 Tx 

Rank 2 Codebook 

First Codebook W1 (4 bit with 2 bit DFT (co-phasing codebook) for v1 and v2)
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Second Codebook W2 (2~4 bit)
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For W2, same codebooks as defined in Table 1 are used in simulations for rank 2 and 2-bit co-phasing is used for rank 1.
CB 4 is summarized below
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where


[image: image60.wmf]2/

2(/21)/

2/

2(/21)/

1

       0,...1, 2,  3 (DFT Size)

.

1

()      ; (2):2:(2),4

.

t

t

jkN

d

k

jkNN

jkNK

jkNNK

e

wkNNd

e

e

DkdiagkKKK

e

p

p

p

p

-

-

éù

êú

êú

==-==

êú

êú

ëû

æö

éù

ç÷

êú

ç÷

êú

==---=

ç÷

êú

ç÷

êú

ç÷

ëû

èø


5. Results
The system simulations are performed over a 19 site/57 cells with wrap around. Additional simulation parameters and modeling assumptions are provided in the appendix. The results are tabulated below.
	Codebook
	Cell-Average SE (bps/Hz)
	Cell-Edge SE (bps/Hz)

	4 bit subband PMI
	3.22
	0.16

	CB1 for W2
	3.36
	0.16

	CB2 for W2
	3.42
	0.17

	CB3 for W2
	3.40
	0.17

	CB4 for W2
	3.52
	0.17


Table 3 – 8x2 Cross-pole, element spacing 0.5λ 

	Codebook
	Cell-Average (bps/Hz)
	Cell-Edge (bps/Hz)

	4 bit subband PMI
	2.70
	0.19

	CB1 for W2
	2.74
	0.17

	CB2 for W2
	2.79
	0.17

	CB3 for W2
	2.77
	0.18

	CB4 for W2
	2.83
	0.18


Table 4 – 8x2 ULA, element spacing 0.5λ 

	  Codebook
	Cell-Average SE (bps/Hz)
	Cell-Edge SE (bps/Hz)

	4 bit subband PMI (Rel-8)
	2.56
	0.10

	CB1 for W2
	2.59
	0.08

	CB2 for W2
	2.67
	0.09

	CB3 for W2
	2.66
	0.08

	CB4 for W2
	2.74
	0.10


Table 5 – 4x2 Cross-pole, element spacing 4λ 

Based on the above results, ~5-6% gain in average SE is obtained using the 4 bit codebook (CB4) compared to CB1 and with 8/4 Tx cross-pol. The gain can be attributed to the flexibility of proposed codebooks to capture both ULA and cross-pol variation across a subband. We also note CB1 [2] represents a decent overhead-performance tradeoff. However, CB1 mainly represents wideband feedback and does not exploit additional frequency selectivity of a channel well, when available.

6. Conclusions
Enhanced two-component codebooks are proposed in this contribution to further improve performance of two-component framework. The codebook has following properties: 

i) A matrix product structure (W2W1) 
ii) Based on DFT vectors 
iii) Full power utilization on all antennas 
iv) Overhead of 4 bit per subband similar to Release-8 for W2 and 6 bits for wideband W1.

Link level performance results in our previous contribution indicated that for SU rank 2, significant performance improvements can be obtained. System level results shown in this contribution with SU-MIMO further show the benefits of the proposed codebook, while keeping the same overhead for subband feedback as that of Release-8.
The proposal is summarized below
Proposal 1 : Construct the subband precoder as W1W2 with W2 capturing the subband component for the cross-pol sub-stucture and W1 capturing the wideband component for ULA sub-structure

· W1 is a diagonal matrix of dimension Nt X 2r, where Nt is the number of transmit antennas and r is the rank of transmission.

· W2 is a diagonal matrix of dimension 2r X r for rank 2
· W1 = 
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for rank 2
· [v1, v2] is from DFT based codebook. v1,v2 is based on 3 or 4 bit DFT 

· Further details on W2 2r X r matrix can be found in the contribution

Proposal 2: Construct the subband precoder as W2W1 with W1 still capturing the wideband component for ULA sub-structure, but W2 capturing the subband component of both the cross-pol and ULA sub-structure
· W1 is a diagonal matrix of size r.Nt X r, where Nt is the number of transmit antennas and r is the rank of transmission.

· W2 is a Nt X r.Nt matrix

· W1 = 
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for rank 2
· [v1, v2] is from DFT based codebook. v1,v2 is based on 3 or 4 bit DFT

· Ex: W2 = 
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u=rotation vector to adjust/up-sample wideband ULA component.
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Appendix

	Parameter
	Value

	Channel Model
	ITU Urban Micro (3kmph)

	Antenna Configuration
	i)   8-Tx eNB: XPOL, 0.5 lambda; 2-Rx UE: XPOL
ii)  8-Tx eNB: ULA, 0.5 lambda; 2-Rx UE: ULA 0.5 lambda

iii) 4 Tx eNB: XPOL 4 lambda; 2 Rx UE: XPOL



	Deployment 
	FDD, 10 MHz, 
19 sites, 3 sectors per site 
5 UEs per sector

	Scheduler
	Proportional fair and frequency selective scheduling;

Scheduling granularity of one subframe (dynamic on a subframe basis)

	Link adaptation
	Ideal CQI (No measurement error; delayed CQI,RI based on PMI feedback)

	Channel estimation
	Ideal 

	Feedback Impairments (CQI,PMI,RI)
	Subband (4 RB) Feedback

Reporting period: 10 ms ;

Minimum Delay: 5 ms

	Overhead
	Control channel of 3 symbols; 

RS for 4 CRS as in Release 8 for Control symbols; 12 DRS in Data Symbols 

	Mode Switching 
	Wideband Rank Feedback

	Traffic Model
	Full Buffer

	MIMO Mode 
	SU-MIMO Rank 1 & 2

	Interference Modelling
	6 Significant interferers (Post beamforming interference considering actual scheduling and beamforming from these cells); Rest of the interferers modelled as flat fading


Table 6. Simulation Assumptions
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8 Tx Cross Polarized Array



