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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 and #57 meetings [1],[2]. Considerable progress was made also on the 4 Tx codebooks. In this contribution, we consider the remaining open issues on the 4 Tx codebook design. In Section 2, we propose specific codebooks for different transmission ranks, and propose a design criteria for rank 3. In Section 3, we provide performance comparison between codebooks in terms of throughput and cubic metric. Finally we briefly consider precoded DM RS in context of non-CMP codebook in Section 4.  

2.  On 4 Tx precoding codebook design
One important aspect affecting the detailed codebook design is mapping of antenna ports to the actual antenna elements. In following, we assume that most significant spatial correlations appear between adjacent antenna ports. In the case of ULA,  antenna mapping is straightforward. With cross-polarized antennas, we assume that antenna ports 1 and 2 are mapped to antenna elements with same polarization, and antenna ports 3 and 4 to antenna elements with the other polarization. 
2.1 On codebook design for rank 1

 We agree that a good compromise between performance and simplicity can be achieved by limiting the precoding elements to QPSK alphabet. So in the following, we focus on the impact of different codebook sizes. In the case that there is only marginal performance difference between different codebooks, we see that it may be wise to favour smaller codebooks. Selection of smaller codebooks may allow for later savings in RI and PMI signalling in LTE-Advanced WI, thus, resulting in control overhead reduction. As an example, although it is way too early to see the necessary signalling details, RI and PMI may be signalled with 5 bits in the case that the number of CWs is signalled separately. Hence we consider QPSK codebooks of size 10, 18 and 20. The codebooks of size 10 and 18 are based on QPSK rotations within antenna groups and are tabulated in Table 1 and Table 2, while the size-20 CB is according [4]. 
Table 1 Size-10 QPSK codebook for rank 1
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Table 2 Size-18 QPSK codebook for rank 1
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On RAN1 #57 meeting, it was decided that rank 1 codebook contains antenna selection vectors, targeted for power saving. We see that, taking the spatial correlations on the assumed antenna mapping into account, reasonable antenna selection vectors are given by following 8 vectors:
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 2.2 On codebook design for rank 2

In RAN1#57, rank 2 codebook was decided to be CM preserving. Quite reasonable CMP codebooks based on QPSK or BPSK alphabet and different antenna groupings have been presented e.g. in [3], [4] and [6]. The main difference between the codebooks is again the size, ranging from size-12 in [6] to size-16 in [3] and size-20 in [4]. These three codebooks are considered in the performance evaluation, and the size-12 codebook is tabulated in Table 3 for convenience.

Table 3 Size-12 BPSK codebook for rank 2
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2.3 On codebook design for rank 3

In the design of CM preserving or CM friendly codebooks for rank 3, the unsymmetrical codeword-to-layer mapping on rank 3 needs to be taken into account. In the case it is ignored, transmitted energy per modulation symbol is easily quite different between codewords. Although this can be easily compensated for with codeword specific MCS to reach target BLER, it may nevertheless cause degradation on the  throughput performance. Alternatively, the modulation symbol energy can be maintained rather balanced with codebook design:

· In the case of CM friendly codebook with two layers mapped to each antenna, precoding weights are appropriately scaled for each layer. An example of such codebook is presented on Table 4. It can be noted that the Rel’8 2Tx rank 2 matrices are utilized as submatrices.
· In the case of CM preserving codebook, layer 0 is transmitted from single antenna. This minimizes the modulation symbol energy imbalance between codewords. Examples of such codebooks are given on  Table 5 and Table 6 based on BPSK and QPSK alphabet and antenna groupings. 
The performance of proposed CMF, BPSK-CMP and QPSK-CMP codebooks with symbol energy balancing is compared to the CMP and CMF codebooks presented in [5] and [4], respectively. All considered codebooks have size of 16. 
Table 4 Size-16 CMF codebook w/ symbol energy balancing
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Table 5 Size-16 BPSK based CMP codebook w/ symbol energy balancing
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Table 6  Size-16 QPSK based CMP codebook w/ symbol energy balacing
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3.
Performance comparison
3.1 Throughput performance 

During RAN1#57, basic setup for the codebook performance evaluation was agreed [2]:

· UE Tx antennas: two cross-polarized antennas separated by lambda/2  

· eNB Rx antennas: two cross-polarized antennas separated by lambda/2 or 4*lambda. In the following, separation of lambda/2 is used.
· Channel model: SCM defined for system level simulation. Link level simulations with SCM Urban Macro NLoS were carried out. 

· MMSE receiver
In the following, performance results for this setup are presented. Other simulation parameters are tabulated in Table 2 in Appendix. The simulated codebooks are listed in Table 1.  Antenna selection vectors in rank 1were decided in [2] to be targeted for power savings in case of e.g. antenna imbalance. Thus they are not expected to have any considerable contribution for precoding in ‘normal’ channel conditions. To simplify codebook comparisons for rank 1, the antenna selection vectors are excluded from the codebooks in throughput simulations. Thus, e.g., the size-24 codebook in [4] is reduced to a size-20 codebook by removing 4 antenna selection vectors.  
Table 7 Simulated codebooks.

[image: image55.emf]Rank Codebook

Rank 1 Rel'8 CB of size 16

size-10 QPSK CB

size-18 QPSK CB

size-20 QPSK CB [4]

Rank 2 Rel'8 CB of size 16

size-12 BPSK CB

size-16 QPSK CB [3]

size-20 QPSK CB [4]

Rank 3 Rel'8 CB of size 16

CM friendly CB of size 16 [4]

CM preserving CB of size 16 [5]

CMF CB w/ symbol energy balancing, size 16

QPSK-CMP CB w/ symbol energy balancing, size 16

BPSK-CMP CB w/ symbol energy balancing, size 16


Throughput comparisons are presented in  Figure 1 and  Figure 2 for ranks 1 and 2, respectively, for SNR ranges of practical interest for each rank. It can be noted that there are only marginal performance differences between codebooks for transmission ranks 1 and 2. Differences in the throughput are less than 3% for both rank 1 and rank 2 in the considered SNR range.  With such marginal performance differences, we propose that smaller codebook sizes are favoured in order to enable potential RI and PMI signalling overhead savings  during WI.   
[image: image56.emf]Rank-1, 4x4 SCM Urban Macro NLoS, 0.5 lambda @ UE and eNB, 4 PRB
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Figure 1 Throughput comparison for transmission rank 1

[image: image57.emf]Rank-2, 4x4 SCM Urban Macro NLoS, 0.5 lambda @ UE and eNB, 4 PRB
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Figure 2 Throughput comparison for transmission rank 2
Throughput comparison for rank 3 is presented in Figure 3. Quite significant performance differences can be observed. However, the CMP and CMF codebooks with symbol energy balancing provide quite reasonable performance. Throughput loss with respect to Rel’8 Householder codebook is in order of 5% or less for CMP codebooks and  2% or less for the presented CMF codebook. Based on the throughput results, CMP or CMF codebook with symbol energy balancing appears as a reasonable codebook for transmission rank 3. 
[image: image58.emf]Rank-3, 4x4 SCM Urban Macro NLoS, 0.5 lambda @ UE and eNB, 4 PRB
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Figure 3 Throughput comparison for transmission rank 3
3.2 Cubic metric properties

In this section, cubic metric properties for various rank-3 codebook designs are briefly inspected. The considered codebooks are

· CM preserving codebook, where only 1 layer is mapped to each antenna

· CM friendly codebook, where 2 layers are mapped to each antenna

· CM friendly codebook with modulation symbol energy balancing. 

· Rel’8 Householder codebook, where all 3 layers are mapped to each antenna.
 CM values are presented in Figure 4. It can be noted that CMP codebooks provide considerably lower CM than all other codebooks, also with higher modulation orders. Additionally, the CM improvement from limiting the number of mapped layers 2 (instead of 3) is rather modest. Similar further improvement in is achieved with  the symbol energy balancing for CMF. 
We see that CMP and CMF with symbol energy balancing provide reasonable CM properties for transmission rank 3. Thus we see CMP and CMF, both with symbol energy balancing, as the most attractive rank 3 codebooks.  When the differences in throughput performance as well as in CM values are weighted, we see CMP codebook w/ balancing as slightly more attractive option than CMF w/ balancing. Thus, we propose CMP codebook w/ balancing to be selected as rank 3 codebook.
[image: image59.emf]Cubic metric for rank-3 codebooks
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Figure 4 Cubic metric values for CM preserving (CMP), CM friendly (CMF) w/ and w/o symbol energy balancing, and for Rel’8 transmission rank 3 codebooks.
4. Demodulation reference signal
During RAN1#57 meeting, both options of antenna specific and precoded DM RS were discussed. In this section, we briefly illustrate our concern with respect to precoded DM RS in the case of non-CM preserving precoding. 
In non-CM preserving precoding at least two spatial layers are mapped to the same antenna port. Correspondingly, this means that two cyclic shifts of the same DM RS sequence, rotated with precoding weights, are summed before they are transmitted from the antenna. In frequency domain, such straightforward summation of cyclic shifts is frequently destructive and occasionally the summed cyclic shifts cancel each other out for a particular frequency bin. This is illustrated with an arbitrary example in Figure 5, where transmission power per frequency bin is presented relative to the transmission power of antenna specific DM RS. Such strong fluctuations in frequency have two apparent consequences:

· Eventhough the precoded pilots remain orthogonal, such frequency domain fluctuations complicate unnecessarily channel estimation as well as deteriorate channel estimation accuracy due to noise  enhancement.
· CM is considerably increased.

This latter point is further explored in Figure 6, where the cdf is presented  for CM distribution obtained with summation of different cyclic shifts, rotated with random QPSK phase. All Rel’8 2 PRB DM RS sequences are used in the distribution generation. In the figure, CM cdf is presented for single cyclic shift, summation of two cyclic shifts, and for summation of two cyclic shifts weighted according to the modulation symbol energy balancing.  From the figure, significant increase in CM is easily seen. It can be also noted that in the case ot he CM of DM RS frequently exceeds the CM of QPSK shown in Figure 4. 
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Figure 5 Transmission power per frequency bin in the case of precoded DM RS and two spatial layers are mapped to the same antenna port.
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Figure 6 Cubic metric cdf for precoded DM RS in the case that two spatial layers are mapped to the same antenna port. Rel’8 2PRB DM RS sequences considered.
6.
Summary
In this contribution, 4 Tx codebook design for  UL SU-MIMO was considered. Based on the presented discussion and on performance comparison in terms of throughput as well as cubic metric, we propose 4 Tx UL codebook design to contain following aspects: 

· Non-zero precoding elements from at most QPSK alphabet

· Rank 1 codebook contains 8 antenna selection entries with structure presented in Section 2.1
· Rank 3 codebook  is proposed to be also CM-preserving. Additionally, the modulation symbol energy is balanced between codewords as discussed in Section 2.3. 

· CM-preserving rank 2 and rank 3 codebooks can utilize antenna grouping/permutations as presented in Sections 2.2 and 2.3
· When there is only marginal performance difference between codebooks, codebook of smaller size should be selected, thus, potentially enabling savings in the RI and PMI signalling overhead during LTE-Advanced WI. Thus, we propose following codebook sizes:

· Rank 1 - size-18 (10+8)  /  Rank 2  - size-12  /  Rank 3 - size-16  /  Rank 4 - size-1 

In the case that savings in control signalling overhead are seen unnecessary, we propose that the space of 64 states is fully utilized with codebook sizes

·  Rank 1 - size-26 (18+8)  /  Rank 2  - size-20  /  Rank 3 - size-16  /  Rank 4 - size-1 
Finally, the drawbacks of precoded DM RS in the case of a non-CMP codebook was briefly discussed. Based on the discussion, antenna specific DM RS is proposed in the case that non-CMP codebook is selected for rank 3.
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Appendix

Table 8 Simulation parameters.
[image: image62.emf]Description Settings

Carrier center frequency 2.0 GHz

System bandwidth 10 MHz

Effective bandwidth 9 MHz (50 PRB)

User allocation 720 kHz (4 PRB)

Cyclic prefix Normal CP

Velocity 3 km/h

Channel SCM Urban Macro NLoS channel 

Tx-Rx antenna configuration 4x4

Antenna arrangement

Cross-polarized antenna elements, antenna element seperation 

1/2 lambda both at UE and at eNB, ± 45 degrees

Receiver MMSE

Modulation QPSK, 16-QAM, 64-QAM

Coding Rate

1/10 (QPSK), 1/6 (QPSK), 1/4 (QPSK), 1/3, 1/2, 2/3, 3/4, 5/6, 8/9 

(64 QAM)

HARQ transmission max 4 transmissions

link adaptation fast

rank adaptation disabled
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