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1.
Introduction
An essential part of single user MIMO is precoding. In respect of SU-MIMO precoding, significant progress was made in 3GPP RAN1 #56bis meeting [1]. From various precoding schemes, a codebook based wideband precoding was agreed for FDD. Additionally, the codebook design for 2 Tx was essentially finalised and considerable progress was made also on the 4 Tx codebook. In this contribution, we consider the uplink specific aspects which should be taken into account in the design of  4 Tx codebook.
2.  Uplink aspects for 4 Tx codebook design
One of the items that remained open in RAN1 #56bis meeting was the need for frequency-selective precoding in a component carrier. Based on discussion in [7], we do not see considerable gain from the closed loop frequency-selective precoding in FDD. Non-codebook based approaches are considered in [8].
As already noted in [2]-[5], low CM values are desirable for the codebook, especially since SC-FDMA will be used in UL also with spatial multiplexing. However, low CM cannot be seen as a critical requirement with spatial multiplexing. Thus we see that it is desirable to have a low CM precoding matrices in the codebook, but  it is not necessary to that all precoding matrices have low CM properties. 
As discussed in [6], there can be a considerable power differences between the received signals from different UE antennas. Such differences can occur due to a number of reasons, including typical channel fading but also shadowing by grip of hand as well as a change of antenna orientation combined with different attenuation on the horizontal and vertical polarization components. At the same time, CM preserving codebooks have a sparse structure meaning that each layer is transmitted only from a subset of antennas (assuming that layer shifting is not used). Thus we see that  special attention need to paid on the cases of antenna imbalance. For rank 1 transmission, we see that equal power distribution over antennas is not a critical requirement. Equally to the CM considerations above, it is sufficient that a reasonable portion of the precoding vectors have equal power distribution over the antennas. Thus, rank 1codebook should include antenna selection elements also for 4 Tx codebook, as they are already included for 2 Tx codebook.    
Higher ranks, such as rank 3 and 4,  are used less frequently than lower ranks, simply due to the typical SNR distribution. Hence one can expect that precoding of higher ranks contribute considerably less than lower rank precoding on the average cell throughput.  Thus we see that benefit from unequal size codebooks should be considered, with codebook sizes decreasing with increasing rank. This view is aligned with the RAN1 #56bis decision on the identity matrix precoding for full rank transmission. Nevertheless, the unequal codebook size design may need  to be considered also when designing 4 Tx codebooks for the remaining ranks. 
Thus, we see that following aspects need to be taken into account in the design of 4Tx codebook, in addition to good performance under various channel conditions and antenna setups:
· Low CM properties;  potentially fully CM preserving codebook, but at minimum at least some CM preserving entries for each rank
· Antenna imbalance
3.
Initial performance comparison
To illustrate the previously mentioned focus on lower rank precoding and impact of different codebook sizes, performance of MMSE receiver was evaluated for different transmission ranks and a set of precoding codebooks. Simulation parameters are tabulated in Table 2 in Appendix, and the simulated codebooks are presented in Table 1.  

Throughput curves are presented in Figure 1 for ranks 1, 2 and 3. Rank 4 transmissions are not included to the figure, since they did not exceed rank 3 throughputs in the shown SNR range. From the shown results, it can be seen that rank 1and rank 2 transmissions are typically used in the most important SNR range, whereas the use of rank 3 and rank 4 is mostly limited to high SNR region, which also has lower contribution to the average cell throughput.  Further it can be noted that reduced codebook sizes cause only marginal performance degradation.  As said, only a initial performance comparison is presented, and further studies with different channel correlations, bandwidths and receivers, including turbo-SIC receiver, may be needed. 
A further consideration is presented for rank 1. As said, precoding codebook should be designed so that the potential transmit antenna imbalance is taking into account. The design could based on the following steps:

· Transmit antennas are grouped into two groups, with 2 antennas per group. Antenna grouping could be done based on the polarization or location of antennas

· Different phase rotation combinations between the antennas within antenna group are listed as codebook entries.

· Additionally, selection of single antenna group for transmission is included into the codebook. Different antenna-to-antenna group options are included, and phase rotation is applied between the antennas within the antenna group. 

An example of such kind codebook is shown in Table 3 in Appendix. Although the shown example uses non-8-PSK modulus alphabet, 8-PSK modulus can be used with codebook sizes larger than 16. 
Throughput performance comparison between codebook containing antenna group selection and Householder based codebook used in DL Rel8 is shown in Figure 2 for rank 1. Codebook containing antenna group selection shows comparable performance to that of DL Rel8 codebook. Further, it is expected that the antenna group selection feature gives gain and/or save transmit power in the presence of Tx antenna imbalance.
Table 1. Simulated codebooks
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Figure 1. Throughput curves with and w/o precoding for transmission ranks 1-3
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Figure 2 Throughput comparison for rank 1 between DL codebook and antenna grouping based codebook
4.  Summary

In this contribution, uplink specific aspects that need be taken into account in the design of  UL 4 Tx codebook were discussed. We see that following aspects need to be taken into account in the design of codebook, in addition to good performance under various channel conditions and antenna setups:
· Low CM properties are clearly desirable. In other words, a CM preserving codebook should be preferred, but as a minimum requirement, codebook should contain at least some CM preserving entries for each rank.
· Antenna imbalance should be taken into account in the design of codebook, and codebook should contain antenna selection entries at least for rank 1
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Appendix
Table 2. Simulation parameters
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Carrier center frequency 2.0 GHz

System bandwidth 10 MHz

Effective bandwidth 9 MHz (50 PRB)

User allocation 720 kHz and 1.44 MHz (4 PRB and 8 PRB)

Cyclic prefix Normal CP

Velocity 3 km/h

Channel SCM-C

Tx-Rx antenna configuration 4x4

Antenna arrangement

Cross-polarized antenna elements, antenna element seperation 2 

lambda in UE, 4 lambda in Node B

Channel estimation Real

Receiver MMSE

Modulation QPSK, 16-QAM, 64-QAM

Coding Rate 1/6 (QPSK), 1/4 (QPSK), 1/3, 1/2, 2/3, 3/4, 5/6

HARQ transmission max 4 transmissions


Table 3. Rank-1 codebook with antenna group selection and Rank-2 CMP codebook of size 12 
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