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1. Introduction
Codebook design for4 Tx UL-MIMO was discussed at RAN1#58b and the following conclusions was captured:
Rank-2 Codebook:

· The baseline agreed in RAN1#58 continuse to hold

· More studies on different channel models and antenna coupling could be conducted later if necessary
· Focus on cross-product CB construction and additional grouping in study item phase
This contribution addresses issues in Rank 2 codebook design.  In a previous contribution the performance of the baseline rank-2 codebook was compared with that of a codebook formed from the cross-product of two 2-Tx Release 8 codebooks assuming only grouping of antennas 1&2 and 3&4 [1].  The comparison was performed in both the SCM-C channel and the ITU Urban Macro (UMa) cluster-delay line (CDL) channel with 0.5 wavelength cross-polarized elements at both eNB and UE.  Although both channel models are based on cross-polarized elements, the ITU UMa model results in higher transmit correlation among the two co-polarized channels due to a smaller per-path departure angular spread of 15 vs. 35 degrees in SCM.  The cross-product codebook was found to have a performance advantage under the ITU UMa channels, while very similar performance was observed under the less correlated SCM-C channel, especially in the SNR region most likely to support rank-2 UL-MIMO.
In this contribution we provide more results and analysis for the rank-2 codebook design, based on which we propose a modification to the cross-product codebook which improves performance in the less correlated SCM-C channels while maintaining its advantage over the baseline codebook in the more correlated channel. When the correlation becomes high such when a LOS component is present, the proposed codebook is shown to have a significant performance advantage over the baseline codebook.
This contribution is a resubmission of R1-100193.
2. Improving Rank 2 Precoding Performance in Correlated Channels
An alternative to the baseline codebook of Table 1 based on concatenating two Rank 2-Tx Release 8 codebooks was presented in [1].  Below we review the motivation for such a codebook and also introduce a variant, the “reduced” cross-product codebook, which improves performance under the SCM-C channel. 
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Table 1: Baseline Rank 2 Codebook

2.1. Proposal 1: Cross-Product Codebook for Particular Antenna Grouping
The cross-product codebook has precoding matrices of the form: 
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The motivation for this codebook can be seen by considering a cross-pol system where both UE and eNB have two cross-polarized elements and the correlation between cross-polarized channels is typically small, i.e., low XPR ratio, as can be easily envisioned when UE and eNB have the same cross-pol orientation
.  In the case of zero XPR, the matrix channel 
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 becomes block-diagonal and has a covariance matrix which can be approximated by
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where 
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 and 
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 are the 2x2 channel matrices representing the channels between vertically and horizontally polarized elements respectively.  Due to the block diagonal structure of 
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 in the case of low XPR, a rank-2 4-Tx codebook which has elements in the general form of  
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will reduce to the codebook structure of
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=

PP

 and 
[image: image10.wmf]hvvh

==

PP0

.  In high correlation channels, DFT codebooks have been shown to offer superior performance to those codebooks constructed from a minimum Chordal distance principle. The “cross-product” codebook uses the 2-Tx DFT codebook
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which was verified in Release 8 has having good performance when correlation is observed between  pairs of co-polarized elements at the UE.  One would therefore expect similarly good performance in channels with some correlation among co-polarized antennas and low XPR between orthogonally polarized elements.  Indeed we have seen that the cross-product codebook has a performance advantage in the ITU UMa channel which indeed results in some correlation between the two co-polarized antennas (i.e., antenna 1&2 or 3&4).  
As the correlation between co-polarized elements reduces however, the performance of the cross-product degrades slightly.  In [1] it was observed that in the SCM-C channel where a higher path angular spread relative to that of SCM-C reduces correlation, the baseline codebook and the cross-product codebook are very close until an SNR of 20 dB beyond which the former even slightly outperforms the cross product codebook by .2 dB (even though rank-3 is often observed to be the more likely mode at SNR>20dB). This could be attributed to the fact that the distribution of Chordal distances between pairs of precoding matrices in the cross-product codebook is not optimized as it is in the baseline codebook.
From the baseline codebook, it is observed that there are eight matrices kept from the cross-product codebook while the remaining 8 matrices are replaced with matrices that basically assume different antenna grouping such as 4 matrices for grouping 1&3+2&4 and 4 matrices for 1&4+2&3. Even though such grouping is not envisioned to be a high likelihood event, they were included due to possible Chordal distance consideration. 

If a size-16 cross product codebook can be used for each of the three possible grouping, i.e., 1&2+3&4, 1&3+2&4, and 1&4+2&3, it will encompass the baseline codebook as a subset. Including all three groupings can be important. Note that it is necessary to index the UE antenna such that ports 1 and 2 feed identically polarized elements and similarly for ports 3 and 4. If this can’t be guaranteed for example due to the variations in the UE’s orientation or changes in antenna response from differing hand grips, it would be necessary to signal a different antenna port mapping.  This could possibly be done semi-statically as UE orientation and hand grip change relatively slowly.  

In summary, proposal #1 is to use a cross product of Rel-8 2-Tx codebooks for rank-2 4-Tx codebook assuming a particular grouping of 1&2 and 3&4. The codebook can be permutated semi-statically to address the other two possible ways of grouping.  

2.2. Proposal 2: Reduced Cross-Product Codebook

When the codebook’s constellation points occupy QPSK modulation points, the full cross product codebook requires 16 elements.  In order to improve performance in channels with low correlation between pairs of elements within a group, entries of the cross-product codebook can be punctured and replaced with a set of precoding matrices chosen to optimize the performance in such channels.  Optimization may be accomplished for example by choosing the set of replacement precoding matrices which minimizes the entire codebook’s chordal distance and the multiplicities of codewords at that minimal distance as discussed in [1].  A codebook constructed in this way could be more like the baseline codebook. The question then becomes if only some of the cross-product codebook entries are to be kept, which should they be? Simulation results reported in [1] indicate that precoding matrices of the form 
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)

were selected over 50% of the time in the UMa NLOS CDL model. Intuitively this can be explained by the observation that when precoding is performed according to 
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the probability of  selecting the same
[image: image14.wmf]1
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 and 
[image: image15.wmf]2
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 is higher than that of selecting different intra-group precoding. Therefore, of the 16 entries of the cross-product codebook, entries of the form in (1)

 should be retained.  Simulations results obtained with multiple drops instead of the fixed CDL channel are given in the following sections also support this conclusion.

Keeping the four dominant precoding matrices of the form in Table 2(1)

 leaves 12 remaining entries, eight of which can be used to accommodate grouping of (1,3)(2,4) and (1,4)(2,3) (as done in the baseline codebook),  in addition to the assumed grouping (1,2)(3,4). The need to re-index the antennas to ensure antenna ports with large correlation are grouped together can also be eliminated this way.  The remaining four elements can then be chosen to minimize codebook chordal distance.  The resulting codebook, referred to as the reduced cross-product codebook is shown in  GOTOBUTTON ZEqnNum225803  \* MERGEFORMAT . The performance of the reduced cross-product codebook is evaluated by simulation in the subsequent section. 
In summary, proposal #2 is to use adopt a reduced size-16 cross-product codebook.  
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Table 2: Rank 2 Reduced Cross-Product Codebook

3. Simulation Results

The cross-product, reduced cross-product and baseline codebooks were evaluated in SCM-C and ITU UMa channels. The simulation assumptions are given in the Appendix.  The SCM-C throughput results are shown in Figure 2.  The reduced cross product codebook (“crossprod1”) performance matches that of the baseline codebook (“WFran57b4Tx”) with even a slight edge as shown in Figure 2. In the ITU UMa NLOS channel on the other hand, the reduced cross product codebook has small advantage, about .1 dB as shown in Figure 3.   The throughput was averaged over multiple drops to ensure the results seen in the CDL model were not specific to a single realization of departure angles, path powers and delays.  All realizations of the channels were non-line of sight.

More significant are the performance differences observed in the UMa LOS channel shown in Figure 4 Here each channel realization has a LOS component, i.e., the LOS probability is 1. A difference of between 1 and 1.5 dB is observed between the reduced cross product codebook and the baseline.  This difference can be attributed to the absence of precoding matrices in the baseline codebook which co-phase identically polarized elements by the same amount, e.g. no codebook entry allows 180 degree phase shift between elements of the same polarization.

The PMI probability mass functions when the reduced cross-product codebook is used are shown in Figure 4 for the ITU UMa NLOS (top) and LOS (bottom) channels.  Note that in the NLOS channel 85% of the precoders selected satisfy (1)

 while in LOS channels virtually all of the PMI chosen satisfy this condition.  Note that precoders 13-16 of the reduced cross-product codebook have the grouping as the first four and yet are highly unlikely to be selected.
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Figure 1:  Throughput comparison of reduced cross product codebook (crossProd1) and baseline codebook (WFran57b4Tx) in SCM C channel.
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Figure 2: Throughput  of cross product codebook (crossProd1) relative to baseline codebook (WFran57b4Tx) in SCM C channel.
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Figure 3: Throughput comparison of reduced cross product codebook (crossProd1) and baseline codebook (WFran57b4Tx) in ITU UMa channel NLOS.
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Figure 4:  Throughput comparison of reduced cross product codebook (crossProd1) and baseline codebook (WFran57b4Tx) in ITU UMa channel LOS.
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Figure 5: PMI distribution in ITU UMa NLOS (top) and LOS channels (bottom) for the reduced cross-product codebook.
4. Conclusions
In this contribution we provided more results and analysis for the rank-2 codebook design. Based on the significant performance gain, especially when the transmit antenna becomes more correlated antenna (e.g., ITU UMa versus SCM, LOS conditions, etc.), we propose to:

· Option #1: use the cross product of Rel-8 2-Tx codebook for rank-2 4-Tx codebook assuming a particular grouping of 1&2 and 3&4. The rows of the matrices in the codebook can be permutated semi-statically corresponding to the other two possible ways of grouping
· Option #2: adopt a “reduced” cross-product codebook which has the same performance as the baseline codebook in the less correlated SCM-C channels while maintaining its advantage over the baseline codebook in the more correlated channel. 

5. Appendix: Simulation Assumptions
	System bandwidth
	10 MHz

	Data transmission BW
	8 RBs (96 subcarriers)

	Slot format
	Normal CP (7 symbols per slot)

	Channel model
	SCM C, ITU UMa NLOS/LOS with many UE drops

	UE Antenna Imbalance
	0 dB

	Maximum Doppler Spread fD
	3 Hz

	Antenna configuration
	4x4 Cross Pol

eNB element spacing: 0.5 (UMa) and 4λ(SCM C)
UE element spacing: 0.5 λ (UMa) and 2 λ (SCM C)

	Rx Antenna Coupling
	None

	Channel coding
	Turbo code

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Perfect

	Link Adaptation
	Outer Loop with 10% BLER at 1st subpacket
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� A more typical configuration at the eNB is to have elements oriented at +/- 45 degrees with 0/90 degree orientation for UE in some simulation assumption. However the vector of received signals at the eNB can be easily rotated by a 45 degree rotation matrix.
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