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1. Introduction
Codebook design for Rank 3 4-Tx UL-MIMO was discussed at RAN1#58b and the following conclusions was captured:
Conclusion:

Further discussion to decide between these two options

1. Mixed codebook structure

2. Non-mixed codebook structure

The contribution also discusses the rank-3 codebook design with regard to mixed CMP & CMF over non-mixed codebook.  We prefer a non-mixed codebook structure. We also review our previous proposals for both CMP and CMF codebook design.


2. Rank 3 Codebook

Proposed codebooks so far for rank 3 fall into three types: 1) CM Preserving (CMP) 2) CM Friendly (CMF) and a mixed CMP/CMF. 

A non-mixed structure is preferred, mainly because:

· Mixed structure may not allow UEs to take advantage of the low CM precoding matrices, especially if the UE needs to prepare to be instructed to use the CMF matrices dynamically. In order to take advantage of a low-CM waveform, either to transmit at max power or to adjust bias for reducing current, a UE may need to switch among several PA modes even if the CM is known ahead. RAN4 currently allows much looser power control accuracy whenever such a switch occurs. A frequent switching among PA modes is undesirable also from a system operation perspective in order for the eNB to accurately predict the power headroom. In addition, in order to take advantage of CMF when UE is not at its peak power and CMP is at max power, it seems that eNB will need to reliably predict whether UE will transmit at its peak power with the assigned precoding. This is typically infeasible though due to UE headroom reporting inaccuracy. 
· Heuristic codebook design will likely happen if a mixed structure is used. A first question is what principle is to be used to decide the number of CMF and CMP entries in the codebook. A second issue is then the principle to decide which entries of the original CMP and CMF should be dropped. 
2.1. CMP

The CMP proposals in [3]

 REF _Ref245064020 \r \h 
[4]

 REF _Ref245064022 \r \h 
[5]

 REF _Ref245064024 \r \h 
[6] all use two antennas to transmit a single layer and use one antenna for each of the remaining layers.  In all cases the precoding vector used for the firs layer has non-zero entries of 1 and x where
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.  They differ in which pairs of antennas chosen (grouped) for layer 1 can be used for transmission of the first layer.    There are 
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 possibilities for grouping (1,2),(1,3), and (1,4) for a total codebook size of 24 as shown below. If codebook of this size can not be accommodated, we suggest allowing row permutation of a smaller-size codebook where the permutation corresponds to antenna grouping that can be semi-statically signaled. This is also to ensure that co-polarized elements can co-phase on the first layer in case of changes in UE position or hand gripping as discussed previously for the rank 2 codebook.

	Rank-3 CMP codebook

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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	Index 16 to 20
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	Index 17 to 23
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Table 3: Rank 3 CMP Codebook

In summary, we suggest to consider a size-24 codebook in case of CMP which includes all possible groupings of two out of four antennas. If codebook of this size can not be accommodated, we suggest allowing row permutation of a smaller-size codebook where the permutation corresponds to antenna grouping that can be semi-statically signaled.

2.2. CMF

The CMF proposals so far have in common [7]

 REF _Ref245062289 \n \h 
[8]

 REF _Ref245062291 \n \h 
[9]: 

· Layer-0 from all 4 antennas, 

· Layer-1 &2 from non-overlapping groups of antennas 
· Orthogonal precoding between any two layers

The difference among proposals is the grouping possibilities covered for layer-1&2 and intra-group precoding covered. 

We propose the following size-16 codebook, should CMF be desired:

	CMF Rank-3 codebook

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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Table 4: Rank 3 CMF Codebook

It can be seen that layer-0 (1st column) uses the baseline 4-Tx Rank-1 CB (16 entries), which mean a desired nesting property of this design. Layer-1 and 2 columns can be determined uniquely based on column orthogonally (assuming grouping of (1,2)+(3,4)). Note that any column can be scaled by a complex-valued constant with affecting the separability among layers. We may increase the codebook size to accommodate the other two grouping possibilities from layer 1&2 (i.e., (1,3)+(2,4), and (1,4)+(2,3)).
In summary, we suggest that if CMF is chosen, adopt a nested structure where precoding vector for the first stream is the same as the baseline rank-1 codebook.
3. CMP vs. CMF Performance Comparison
Performance comparison between CMP and CMF precoding involves several factors including

1. Precoding performance which is typically evaluated by link simulation of throughput or evaluation of distance property of code.

2. Impact on the PA input signal’s cubic metric (CM) which determines the PA backoff and ultimately the power efficiency of the PA and therefore the UE’s power consumption.

Simulations were performed to address the first point above. Throughput performance is compared in Figure 1 for the CMF and CMP precoding matrices in the UMa cluster delay line (CDL) model.  Simulation assumptions are given in the Appendix. A nearly uniform difference of 0.5 dB can be seen from 12 through 24 dB, which can be considered as a typical rank-3 operation region.   A similar margin for the differences between CMP and CMF precoding was reported in [11].
Approaches for addressing the second point are discussed in [12] and [13]. The analysis is not straightforward since the relative performance difference depends both on cell load, i.e., whether UEs uplink transmissions are noise or interference limited as well as on their PA architecture.  In noise-limited conditions where UEs transmit at maximum power, the CM difference may be translated to increased power while still maintaining the same power consumption, which means that we can adjust the simulated throughput results to the left by that amount on the SINR axis.  Assuming a CM difference of approximately 0.5 dB between CMP and CMF precoding [7][8], the throughput gain of CMF precoding is reduced to 0.

On the other hand in interference limited conditions where UE do not transmit at maximum power, the PA architecture is important and there are two sub-cases[12]:
a) Continuously tuned bias adjustments

Because the PA behaves like a power limited PA, CMP precoding could enjoy a lower consumption since its bias requirement is less than that required by CMF precoding. However the precoding gain from CMF, the approximately 0.5 dB shown above, will remain.. CMF therefore has higher throughput with potentially larger power consumption while CMP has lower power consumption with a slight performance loss.  The decision is then based on whether the UE is in a noise- or interference-limited environment during typical rank-3 operation. It seems that it is more likely rank-3 will happen in a noise-limited condition where it may be beneficial for the scheduling the UE at maximal power to clear the buffer as quickly as possible. 
b) Multi-stage PAs. Depending on how much UE operation is in the power limited vs. non-limited region of the components PAs, the CMF throughput advantage should range between 0 and 0.5 dB.
Taking the above considerations into account we can expect the gain from CMF precoding to be at the most an order of about 0.5 dB with the exact figure highly dependent on deployment and UE PA implementation.  From Figure 1, 0.5 dB translates to a throughout gain of between 2 and 3%.
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Figure 1:  Throughput comparison of the CMP and CMF proposals given above in the ITU UMa cluster delay line model.
4. Conclusions
In this contribution we have reviewed the common structure of the rank 3 CMP and CMF precoding matrix proposals including our own designs for both CMP and CMF. Simulation results confirmed a small gain in precoding performance for the CMF design.  System throughput of CMF vs. CMP precoding is expected to be limited to 2-3% or ~0.5dB in required SNR.
For the rank-3 codebook design with regard to mixed CMP & CMF over non-mixed codebook, we suggest a non-mixed codebook structure with slight preference to CMP. Moreover, we propose:

· If CMP is adopted, include all possible groupings of two out of four antennas for the first data stream where grouping information can be semi-statically signaled. 
· In case that CMF is chosen, adopt a nested structure where precoding vector for the first stream is the same as the baseline rank-1 codebook. 

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
	UMa CDL Model 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)

	Channel coding
	Turbo code

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Perfect

	AMC target FER
	10% at 1st subpacket
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