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Discussion / Decision
1.
Introduction
Significant progress was made on the UL SU-MIMO precoding during the LTE-Advanced Study Item. Commonly agreed views were found on major part of precoding related issues. One issue that remained open is rank 3 precoding codebook with 4 transmit antennas. In particular, selection of codebook design remained open, with CM preserving (CMP), CM friendly (CMF) and mixed codebook designs being main candidates. In this contribution, we briefly discuss rank 3 precoding codebook design from the viewpoints of throughput performance, UE power efficiency and system complexity and present our preference for rank 3 codebook design.     

2.
Comparison of precoding codebook designs
2.1 Throughput performance
Important figure of merit in precoding codebook comparison is throughput performance and, thus, several throughput comparisons have been contributed in previous RAN1 meetings. In ‎[1]-‎[5], link level simulation results are given either with or without rank adaptation (or with both).  From simulation results where UE transmission is not limited by maximum PA power, it can be concluded that 
· Throughput performance of mixed codebooks is between performance of CMP and CMF codebooks.

·  CMF codebook, or Layer Power Balanced CMP codebook in the case of ‎[3], provides throughput gain of 2.5% or less over CMP codebook in SNR range of 10-20 dB ‎[2]-‎[4]
. Performance difference is reduced further with rank adaptation ‎[1],‎[4]. In this sense, results from several companies are quite well in line, regardless of codebook design preference of each company.  In ‎[5], throughput gain of 4% or less is shown for CMF codebook over CMP codebook, thus, somewhat deviating from other results.  
In brief, it can be said that performance differences between various codebook designs are small in link level simulations. This is well in line with the system level results shown in valuable contribution ‎[6], where cell throughput differences between CMP and CMF codebooks were reported  to be 0.3% - 0.5% with rank adaptation and 0.7-0.9% without rank adaptation. Smaller throughput gains were reported for mixed codebook. Clearly, such performance differences are marginal.
In RAN4 LS response ‎[7], it is stated that CM difference can be used as a relative power amplifier back-off indicator in power-limited case.  In ‎[1], link level simulation results for power-limited UE transmissions were shown. In the simulations, SNR was reduced according to the CM difference with respect to the basic QPSK modulation CM. This is in line with ‎[7] when PAs are sized for the maximum power transmission with QPSK modulation and 4 Tx antennas. In the results, CMP codebook provided performance gain over CMF codebook, although the performance differences between codebooks were as small as in the non-power limited case. Although the results shown in ‎[1] are for the size-16 codebooks, it can be expected that  CMP codebook achieves slightly better throughput than CMF codebook also with size-20 codebooks.
2.2. UE power efficiency
RAN4 concluded in ‎[7] that the implication of CM difference on PA efficiency in non-power limited case depends on the PA type. In the case of PA with continuous bias adjustments, CM difference can be translated into corresponding effective output power penalty both in power limited and non power limited cases. For multi-stage PA, CM difference can be ignored at certain power levels, while CM difference impacts PA efficiency at power levels around PA gain stage switch points.    
It can be concluded that CMP codebooks achieve better UE power efficiency both in power limited and non-power limited cases as well as both with multi-stage PA and  continuous bias adjustment PA. However, the absolute difference remain unclear. Impact of CM difference on UE power efficiency depends on the PA type, sizing of PAs, as well as on the design of PA gain stage switch points in the case of multi-stage PA. Clearly, quantitative analysis on the impact of CM differences on power efficiency is a complex task.
2.3. Impact on system complexity 

Mixed codebooks contain both CMP and non-CMP precoding matrices for rank 3. The basic idea is to benefit from CM preserving precoding in the power-limited cases and from slightly better throughput performance in the non-power-limited cases. This of course means that eNB needs to decide based on power headroom reports when UE is power limited or not.  It is complicated by the inaccuracies in the power headroom reporting and  maximum power reduction (MPR), as discussed in ‎[4],‎[8]. One can see two possible solutions: 

· Accuracy of eNB knowledge on UE transmission power is improved. This implies e.g. more frequent power headroom reporting and signalling of UE specific MPR, as discussed in ‎[4]. This kind of change in the signalling is quite considerable when compared to the potential performance gains.
· Current inaccuracies on  eNB knowledge on UE transmission power are accepted and e.g. some margins are used when deciding between the power limited and non-limited cases. This of course reduces the achievable throughput gains further.  
Additionally, in both cases there is dependency between power control and precoder selection, and precoder selection itself is complicated further since both power limited and non-limited cases need to be covered. The required increase in system complexity is considerable when they are weighted against the potential throughput gains.
3.
Conclusions
In this contribution, we discussed uplink rank 3 precoding codebook design and compared CMP, CMF and mixed codebooks from the viewpoints of throughput performance, UE power efficiency and system complexity.
It can be concluded that the advantage of CMF or mixed codebook over CMP codebook is marginal throughput gain in non-power-limited cases. Gain is achieved at the price of 

· marginal cell throughput loss in power-limited cases
· degraded UE power efficiency 

· increase in system complexity, in particular in the case of mixed codebooks.

In our view, the drawbacks of CMF and mixed codebooks outweight the marginal throughput benefit in the non-power limited case. Thus, we propose that CMP codebook is adopted as 4 Tx rank 3 codebook.
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� Gain was measured from the figures included to the contributions. In � REF _Ref249954689 \r \h ��‎[3]�, maximum SNR is 18 dB. 





