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1 Introduction

In this contribution we discuss 8Tx codebook design in Rel-10. We first present some general view, then we analyze several existing codebook design approaches in current standardization and give our preference respectively.
2 General Views
The 4Tx codebook in Rel-8 has many good properties, such as finite alphabet, constant modulus, and nested. In the following text, we first analyze if those properties should be inherited in Rel-10.
1) Finite alphabet. This property is important for low complexity UEs in terms of searching for implicit feedback. Therefore, we believe this property is definitely needed in Rel-10. 

2) Constant modulus. This property is good for efficient power utilization at eNB side. Theoretically MU-MIMO performance can be improved via deviating from this property; however the performance improvement is perhaps not so significant in our view. Therefore, we also propose to keep constant modulus in Rel-10.
3) Nested. The nested property facilitates rank overriding operation at eNB side and simplifies PMI/CQI determination process at UE side. Ideally such property can be inherited in Rel-10. However, a nested codebook design may not be easily achieved in Rel-10 (up to rank 8) because the Householder reflection operation in Rel-8 codebook design does not directly yield a valid 8Tx codebook. If some performance gain is observed, it is possible to deviate from the nested property.
In addition to the above codebook properties, we also prefer to have a unified codebook design over different antenna configurations to avoid additional signalling and RAN4 testing effort. Also, considering the physical size constraint of antenna, highly correlated dual polarized (DP) antenna may be prioritized. Other eNB antenna configuration (such as highly correlated ULA or uncorrelated DP antenna) needs to be supported.
Overall, we have the following proposal:

1. Codebook properties: 

a) Finite alphabet is needed

b) Constant modulus is preferably inherited

c) Need to show performance gain if deviate from the nested property

2. Unified codebook design over different antenna configurations

a) Correlated dual polarized antenna may be prioritized

b) Other antenna configurations are not precluded for evaluation
3 Codebook Design
Currently there are two kinds of codebook design approaches. The first approach is single codebook design, which is similar to Rel-8 codebook approach except that the precoding matrices are designed for 8Tx antenna. The second approach is double codebook design, namely the suggested precoding matrix is determined by two indices from two different codebooks. One codebook targets long-term and/or wideband channel properties. The other codebook targets short-term and/or narrowband channel properties. In the following, we analyze the two approaches respectively.
3.1 Single codebook design

There have been many codebook designs in the category of single codebook design. Here we provide a rank 1 codebook design. The entries of this codebook are selected from 8-PSK alphabet.. The exact codebook is shown in Appendix I.
LLS results of the codebook are shown in Fig. 1. The simulation assumptions are shown in Appendix II. 
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Fig. 1 LLS results on the codebook
3.2 Double codebook design
The double codebook structure has been discussed in last two meetings. In general the double codebook structure refers to the case that the suggested precoder is determined by indices belonging to two different codebooks. One codebook targets long-term and/or wideband channel characteristics, while the other codebook targets short-term and/or narrowband channel characteristics.
Currently there are some companies prefer to prioritize correlated dual polarized (DP) antenna as 8Tx antenna configuration. If this is the case, the codebook may need to be optimized for correlated DP antenna (and can support other 8Tx configurations). 
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Fig.  2 8Tx correlated DP antenna configuration
As shown in Fig. 2, with 8Tx DP antenna, the 8Tx can be divided into two antenna groups, each group with four antennas. The antenna in first group {1,2,3,4} are correlated, and the antenna in second group {5,6,7,8} are correlated; while the antenna in different group are (roughly) independent. 

Such channel characteristic of DP antenna may be naturally exploited in the double codebook structure. For example, for each precoding vector, it is natural to report the PMI corresponding to the first antenna group, the PMI corresponding to the second antenna group, and the phase offset between the two directions. Because the PMI, for correlated antenna, somewhat changes much slower than the phase offset, it is natural to use the first codebook (such as Rel-8 4Tx codebook or some DFT based codebook) to report PMIs of the two antenna groups, while the phase offset may be reported using the second codebook (such as 2x2 Hadamard matrix or Rel-8 2Tx codebook).
3.2.1 Kronecker form

When the direction of the first antenna group and the direction of the second antenna group are highly correlated, the above reporting format may be simplified to Kronecker form, where the suggested precoding vector corresponds to the Kronecker product of channel direction and phase offset ([1 1]T or [1 -1]T), e.g., if the PMI (for both antenna group) corresponds to precoding vector v, and the suggested phase offset is [1 -1]T, then the suggested precoding vector corresponds to [vT  –vT]T.
3.2.2 Production form

It is also possible to use double codebook structure in reporting PMI of each individual antenna group. For example, for each antenna group, it has been proposed to use the production of (quantized) covariance matrix and one precoding vector to report suggested precoding vector, which corresponds to:
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where R corresponds to the (quantized) Cholesky decomposition of channel covariance matrix. Here, R1/2 can be reported using the first codebook (long-term/wideband), and v’ can be selected from on the second codebook (short-term/narrowband). 

This double codebook structure can be easily extended to 8Tx DP antenna. The suggested precoding vector corresponds to:
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one more bit is needed to report the phase offset in the above equation. In this form, v’ and phase offset can be reported using finer time/frequency granularity than R1/2
We note that a direct production form seems does not satisfy finite alphabet and constant modulus property. Therefore, if production form is pursued, we need to find some method to make it satisfy finite alphabet and constant modulus property. Production form also needs to standardize a codebook to report the quantized covariance matrix, which seems require a certain amount of standardization effort.
One possible way to reduce the standardization effort is to make the matrix R1/2 downloadable, in which case the design of R1/2 becomes an eNB implementation issue. However we see some difficulty in RAN4 testability for downloadable codebook, therefore currently we have some reservation on the downloadable codebook approach.
3.2.3 Rotation form
Another double codebook structure to report PMI of each individual antenna group is rotation form. For correlated antenna array, typically the instantaneous PMI fluctuates around the centre PMI. Therefore, one natural approach is to separately report the centre PMI (using coarse time/frequency granularity), and report the fluctuation (using finer time/frequency granularity). Using rotation form, the suggested precoding vector corresponds to:
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Here vector d corresponds to the centre PMI (using the first codebook), while vector v’ corresponds to the fluctuation (using the second codebook). The method is called rotation form because it is similar to the rotated DFT codebook design method.
The rotation form can be easily extended to correlated 8Tx DP antenna as well. The suggested precoding vector corresponds to
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Similar to production form, one bit is needed to report phase offset.

It should be noted that the rotation form can easily satisfy finite alphabet and constant modulus property. Actually if both the first codebook (d) and second codebook (v’) satisfy finite alphabet and constant modulus, the suggested precoding vector satisfies finite alphabet and constant modulus.

However, the rotation form would need to standardize a new codebook to report the fluctuation of PMI. Such codebook has not been sufficiently discussed in RAN1. Therefore it seems not easy to finish the standardization of rotation form in Rel-10 time frame.
3.2.4 PMI correlation between two antenna groups

In DP antenna, all of the above discussions (Kronecker form, production form, and rotation form) assume that the two antenna groups experience highly correlated PMI. This is related to the fact that if the antenna group experience the same channel covariance matrix. At this stage we have not seen convincing analysis on this aspect and we actually see diverging opinions. We believe some further investigation on this aspect is needed for good codebook design.
3.2.5 Other antenna configurations are not precluded for evaluation
Although 8Tx correlated DP antenna can be prioritized, other eNB antenna configuration needs to be considered as well. Possible configurations are 8Tx uncorrelated DP antenna and ULA 8Tx correlated antenna. To support 8Tx uncorrelated DP antenna, some non-DFT vectors may be considered for each antenna group. To support ULA 8Tx antenna, length-8 DFT vector can be included in the possible suggested precoding vectors.
4 Conclusions
	Design approach
	Finite alphabet / Constant modulus
	Standardization effort
	Overhead 

	Single codebook
	Yes
	Low
	High

	Kronecker form
	Yes
	Med
	Med

	Production form
	No
	High
	Low

	Rotation form
	Yes
	High
	Low


Table 1: Comparison of Codebook design approaches
In table 1, we summarize the design approaches to 8Tx codebook. Production form and rotation form are attractive because they can reduce overhead or improve performance, however the quantitative performance gain has not been sufficiently discussed in RAN1. Considering the tight time frame of Rel-10, we propose to focus on single codebook or Kronecker form of double codebook structure. A proposed single codebook is shown in Appendix I. For downloadable codebook approach, we see some necessity to discuss RAN4 testability issue. 
Appendix I: Codebook

We define the following vectors. Here the right column corresponds to the phase of the actual vector. For example, [0 45 90 135] corresponds to vector [1  (1+j)/sqrt(2)   j   (-1+j)/sqrt(2)]. We believe expressing the precoding vector in terms of phase is good for a better communication between companies. 
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The codebook can be expressed as:

	Index
	Rank 1 CB (/sqrt(8))
	Index
	Rank 1 CB (/sqrt(8))
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Appendix II: Link Level Simulation Assumption
	Parameter
	Assumption

	Carrier frequency
	2.0GHz

	System Bandwidth
	5MHz

	Transmission bandwidth
	25RB

	Channel modelling
	  Urban Macro, 3GPP Case-1 SCME High Spread

	UE  Mobility
	3km/h

	eNB antenna configuration
	Half wavelength spaced dual polarized 8Tx antenna

	UE antenna configuration
	2Rx dual polarized antenna

	Link adaptation
	AMC

	HARQ
	Chase Combining

	DMRS Channel estimation
	Ideal

	Receiver
	MRC (for rank 1)

	CSI-RS Channel estimation
	Ideal

	PMI feedback delay
	5ms

	Precoding granularity
	Wideband
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