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1. Background
It was agreed in RAN1#72 to use W=W1W2 structure for 4Tx feedback for DMRS-based transmission modes. In RAN1#72bis it was agreed to adopt a new 4Tx codebook for rank-1/2, while for rank-3/4 it is FFS. Majority of companies prefer to reuse the Rel.8 codebook for rank-3/4 (cf. [30]), whereas some companies proposed new rank-3/4 design using the GoB structure. In this contribution we discuss rank-3/4 codebook design in Rel.12.  
2. Discussion on rank-3/4 codebook 
In order to understand the motivation of the discussion, we first recapture the WI description below
· Evaluate CSI feedback enhancements and identify the most promising solution(s). CSI feedback enhancement candidates include:

· 4-tx PMI feedback codebook enhancements to provide finer spatial domain granularity and support different antenna configurations for macro and small cells, especially cross-polarized antennas, both closely- and widely-spaced, and non-collocated antennas with power imbalance

· a new CSI feedback mode providing sub-band CQI and sub-band PMI 

· finer frequency-domain granularity

· enhanced control of the reported rank and corresponding assumptions for CQI/PMI derivation, to improve support for MU-MIMO.

As can be clearly seen, the WI objective is about potential performance enhancement. It is well known that gain of CSI enhancement mainly comes from low-rank MU-MIMO transmission which benefits from higher CQI and PMI granularity. For SU-MIMO (either low-rank or high-rank), the gain is minimum if any. Since rank-3/4 feedback is irrelevant for low-rank MU-MIMO, it is questionable if a new rank-3/4 codebook can be justified.
Observations:

· Rank-3/4 primarily relates to high-rank SU-MIMO transmission, for which the gain of CSI enhancement is well-known to be marginal.

In the last meeting it’s argued by some companies that a high-rank UE (e.g. rank =3 or 4) could be scheduled in low-rank MU-MIMO mode. Although fathomable on paper, it’s unclear if this is a realistic scheduling case:
· First of all, a high-rank UE is in extremely good channel condition with very low inter-cell noise/interference. Complying with the UE recommendation to use SU-MIMO transmission will therefore ensure highly reliable PDSCH transmission with high throughput (e.g. 3 or 4 layer). On the other hand, enforcing the UE to low rank MU-MIMO transmission will incur substantial intra-cell interference, which is much more detrimental compared to the low noise level of SU-MIMO. Also note that the power allocated to each user is reduced by at least 3dB in MU-MIMO, compared to SU-MIMO.
· Secondly, MU-MIMO link adaptation needs to perform some modification to the UE reported SU-MIMO CQI (under SU-MIMO hypothesis). This inherent mismatch between the CQI hypothesis and the actual PDSCH link-quality results in less reliable PDSCH throughput compared to the more reliable SU-MIMO mode. As a matter of fact, this problem has been identified as a major limitation for MU-MIMO since Rel.10 and is precisely the motivation of MU-CQI discussion.
· Lastly, note that the number of layers for realistic MU-MIMO transmission (e.g. 2 with reliable orthogonal DMRS) is limited compared to the more reliable SU-MIMO transmission (e.g. 3 or 4).  3- or 4-layer MU-MIMO is not expected to perform well as it mandates non-orthogonal DMRS which suffers from severe channel estimation error. 
In a nutshell, MU-MIMO mainly benefits low rank (e.g. rank-1) UE where the MU multiplexing gain may offset the limited channel rank. For UE reporting high-rank, it is preferable to schedule SU-MIMO to enjoy the more reliable high-rank PDSCH transmission. Enforcing a highly reliable, high-rank SU-MIMO UE to less reliable, low-rank MU-MIMO is questionable in terms of the system performance. After all, we have not observed a single piece of simulation result to justify this use case.
Observations:
· A UE reporting high-rank (e.g. rank-3/4) is preferably scheduled in SU-MIMO to benefit from the highly reliable and high-throughput PDSCH, instead of being forced to low-rank MU-MIMO with reduced PDSCH reliability. 

Another concern raised in the last meeting relates to the nested property between rank-1/2 GoB codebook and the rank-3/4 codebook (GoB or Rel.8). Again, it’s unclear if this concern is warranted.
· From PDSCH scheduling perspective, nested property is needed for CRS-based transmission when the DCI needs to signal a low-rank PMI (e.g. rank-1/2) in case of rank override from high rank (e.g. rank-3/4). However this is not necessary for DMRS-based transmission where the precoding vector is not confined to the codebook and not signalled. This has been adequately discussed in Rel.10 where RAN1 agreed not to have nested property for 8Tx [2]. 
· Although nested property may slightly reduce the UE complexity of PMI search, such benefit is mainly seen in rank-1 and rank-2. For advanced UE supporting 4-layers, nested property between rank-1/2 and rank-3/4 is less important. After all, the GoB design is already a more complicated feature than Rel.8 feedback which adds to the UE complexity. It must be borne in mind that the search complexity of Rel.8 codebook is lower than GoB, and hence reusing Rel.8 codebook and the existing UE design for rank-3/4 is beneficial in terms of UE implementation.
· Lastly, we note that none of the current rank-3/4 codebook proposals satisfy nested property between rank-1/2 and rank-3/4 (cf. [9, 10, 15, 17, and 18]).
Observations:

· Nested property is beneficial but not necessary between rank-1/2 and rank-3/4, for DMRS based transmission. 

Based on the above discussion, there is no technical reason to redesign the rank-3/4 codebook using GoB, unless significant performance gains can be found in real-life deployment. In the next section we compare the performance of various rank-3/4 codebooks with Rel.8 codebook.

3. Simulation results
3.1. Rank-3/4 codebook comparison
Link-level simulation is presented in this section to compare the codebook performance. Since rank-3/4 is irrelevant to MU-MIMO transmission, SU-MIMO is assumed in the study. The evaluation assumptions are compliant with the agreed system-level evaluation assumption except with a single eNB and a single UE. 

· ITU urban macro channel with 100% outdoor user distribution.
· User dropped randomly and uniformly dropped
· 4-bit CQI modeled per 36.213, including wideband CQI and subband differential CQI.
· PUSCH mode 3-2 with subband PMI feedback, where for each PUSCH report, all subband PMI(s) are associated with a common W1 matrix.
· Same CQI/PMI subband size as CQI size in PUSCH mode 3-1.
The UE is equipped with 4 receive antennas and performs full rank adaptation. For rank-1/2, Rel.8 codebook is used. For rank-3/4, various codebooks are compared. This allows us to isolate rank-1/2 and rank-3/4, and realistically assess the performance impacts of new rank-3/4 codebooks (cf. [9, 10, 15, 17, and 18]).
Fig. 1 and Fig. 2 depict the absolute throughput (bps/Hz) of various codebook proposals and their gains over the Rel.8 codebook, for closely-space XPOL antenna configuration with no TAE. Likewise, Fig. 3-4 provides the results with TAE modeled (cf. [29]). For widely-spaced antennas and no TAE, the results are provided in Fig. 5-6. 
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Fig.1: average throughput (without TAE), XPOL, 0.5L spacing 
Fig.2: throughput gain (without TAE), XPOL, 0.5L spacing
[image: image3.emf]10 15 20 25 30 35

4

5

6

7

8

9

10

11

12

geometry (dB)

average user throughput (bps/Hz

 

 

Rel.8

Ericsson

CATT

NNSN1

ALU

Renesas

 [image: image4.emf]10 15 20 25 30 35

-15

-10

-5

0

5

geometry (dB)

throughput gain over Rel.8

 

 

Ericsson

CATT

NNSN1

ALU

Renesas


Fig.3: average throughput (with TAE), XPOL, 0.5L spacing               
Fig.4: throughput gain (with TAE), XPOL, 0.5L spacing
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Fig.5: average throughput (with TAE), XPOL, 4L spacing               
Fig.6: throughput gain (with TAE), XPOL, 4L spacing

Observations
· There is no meaningful performance gain from new rank-3/4 codebooks. The performance gain over Rel.8, if any, is < 1% at most. 

· Some codebook is substantially worse than Rel.8 codebook, with up to 13% throughput loss. 
The same codebooks are compared using finite-buffer FTP traffic model 1, with 2.5 user/second arrival rate and 0.5Mbyte packet size. The user perceived throughputs are compared in Table 1 (without TAE) for closely-spaced XPOL antenna configuration. 
Table 1: User perceived throughput with FTP model 1, 2.5user/second, 0.5Mbyte, XPD 0.5L, no TAE

	Codebook
	Rel.8
	Ericsson
	CATT
	NNSN
	ALU
	Renesas

	5% UPS
	1.24
	1.17
	1.06
	1.22
	1.21
	1.23

	50% UPS
	3.59
	3.44
	3.33
	3.58
	3.59
	3.59

	Average UPS
	4.22
	3.98
	3.92
	4.20
	4.23
	4.19
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Fig. 7: performance comparison with FTP traffic 1, XPD 0.5L, 4x4 SU-MIMO, no TAE

Conclusion:
· No meaningful performance gain is observed for rank-3/4 redesign. On the contrary, throughput loss up to 15% compared to Rel.8 is observed for some codebooks.
Note that the simulated channel (closely-space XPOL) is highly favorable for GoB and therefore represents a best case scenario for rank-3/4 enhancements. For widely-spaced antenna configurations, the performance loss of rank-3/4 redesign is expected to be increased, as the underlying assumption for GoB model virtually breaks apart. Hence, based on the simulation results we propose:
Proposal:

· Re-use Rel.8 codebook for rank-3/4, 
· W1 is a 4x4 identity matrix, W2 is the Rel.8 codebook.
3.2. PMI frequency granularity for rank-3/4 in mode 3-2
PUSCH mode 3-2 with subband CQI/ PMI was adopted in RAN1#72. For rank-1/2, it is natural to use the CQI subband size of mode 3-1 for CQI/PMI subband size in mode 3-2. For rank-3/4, it is straightforward to assume the same CQI/PMI subband size as of rank-1/2. Alternatively, since frequency-selective precoding gain is expected to decrease as rank increases, it was suggested that wideband precoding could be considered for rank-3/4 [7].  It should be noted that a similar design has already been adopted for 8Tx, i.e. high-rank (rank > 4) always assumes wideband PMI in mode 3-2.
To understand the impact of PMI subband sizes, we evaluate SU-MIMO performance with wideband precoding vs. subband precoding in Fig. 8-9 using various rank-3/4 codebooks (cf. [3, 4, 5]). The following simulation setup is noted:
· CQI is subband for all ranks.

· For rank-1/2, subband precoding with subband PMI is assumed. 

· For rank-3/4, wideband precoding and subband precoding are compared against each other, using the same codebook.
Observation:

· For rank-3/4, subband precoding does not appear to significantly outperform wideband precoding.

Proposal:

· Further discuss if PUSCH mode 3-2 shall assume wideband PMI feedback in 4Tx.
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Fig.8: subband PMI gain, rank-3/4, XPOL, 0.5L spacing            Fig.9: subband PMI gain, rank-3/4, XPOL, 4L spacing
4. Conclusion

In this contribution we compared various rank-3/4 codebooks, including the existing Rel.8 codebook. Our conclusions and recommendations are summarized below.

Observations
· Rank-3/4 is mostly about high-rank SU-MIMO transmission, for which the gain of CSI enhancement is well-known to be marginal.
· A UE reporting high-rank (e.g. rank-3/4) is preferably scheduled in SU-MIMO to enjoy the highly reliable and high-throughput PDSCH, rather than being forced to low-rank MU-MIMO with degraded PDSCH reliability and throughput. 

· Nested property is beneficial but not necessary between rank-1/2 and rank-3/4, for DMRS based transmission modes. 

· There is no meaningful performance gain from new rank-3/4 codebooks compared to existing Rel.8 codebook. Some rank-3/4 GoB codebook is substantially worse than Rel.8 codebook, with up to 13% throughput loss. 
Proposals
· Re-use Rel.8 codebook for rank-3/4, where W1 is a 4x4 identity matrix, and W2 is the Rel.8 codebook.
· Further discuss if PUSCH mode 3-2 shall assume wideband PMI feedback in 4Tx.
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Appendix: simulation assumption

Table 2: Simulation assumptions

	Parameter
	Value

	Antenna configuration
	4 Tx x-pol (-45o, 45o) at macro

4 Rx x-pol (0o, 90o) at UE

	Antenna spacing
	0.5 or 4 lambda at eNB, 0.5lambda at UE

	Channel model
	ITU urban macro 

	Carrier frequency
	2.00 GHz

	MIMO scheme
	SU-MIMO

	Receiver
	MMSE IRC

	Feedback
	PUSCH mode 3-2, 6 PRB CQI subbands, 
4-bit CQI quantization per TS 36.213

	Feedback periodicity
	5 ms

	Feedback delay 
	5 ms

	CSI-RS measurement error
	modelled

	HARQ
	max 5 retransmissions
Chase combining

	Timing misalignment
	see [29]


























































































































































































































