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1. Introduction 
In RAN1#62, a number of key decisions on DL MIMO enhancement for Rel.10 were made [1-3] including the reuse of the Rel.8 codebook for Rel.10, the exact design of the 8Tx codebook with double-codebook structure, as well as the PUCCH-based CSI reporting modes. To support the double-codebook structure (which means it is applicable only for 8Tx), the following three modes were agreed in [3] with the possibility of further down-selection.

· Mode 1-1 based on CSI mode 1 
· Mode 1-1 based on CSI mode 2

· Mode 2-1 based on CSI mode 1
While it is desirable to minimize the number of Rel-10 reporting modes for PUCCH, it should be noted that the three PUCCH modes serve different purposes and scenarios. Still, questions such as “why we need two different schemes for mode 1-1” may arise. This contribution focuses on the comparison between CSI mode 1 and 2 in the context of PUCCH mode 1-1. In particular, the following aspects will be addressed: 
· The choice of codebook sub-sampling for CSI mode 1 and 2 along with the associated payload analysis
· Performance comparison between CSI mode 1 and 2 in various scenarios – with and without taking into account the PUCCH decoding error
The above comparison is intended to serve as a guideline in understanding the importance and performance of each scheme.
Throughput this contribution, W1/W2 is used interchangeably with i1/i2 (index of W1/W2 in [4]). 
2. Codebook Sub-sampling for PUCCH mode 1-1
The agreed upon 8Tx codebook in [2] (now captured in the specification [4]) has the following rank-dependent codebook sizes:
· W1 codebook (enumerated as i1 in [4]): 16/16/4/4/4/4/4/1 for rank 1/2/3/4/5/6/7/8
· W2 codebook (enumerated as i2 in [4]): 16/16/16/8/1/1/1/1 for rank 1/2/3/4/5/6/7/8

The reporting structure as agreed in way forward [3] is given in Table 1. 
Table 1 Reporting structure for PUCCH mode 1-1. x+y indicates the possibility for joint encoding. 
	
	CSI mode 1
	CSI mode 2

	Report 1
	RI+W1 
	RI

	Report 2
	CQI, W2
	CQI, W1+W2


From Table 1, the following is apparent:

1. Codebook sub-sampling is not needed for CSI mode 1 report 2 and CSI mode 2 report 1: 
· For CSI mode 1, report 2 simply follows the Rel.8 PMI principle where W2 is analogous to the Rel.8 PMI. Hence, there is no need to perform codebook sub-sampling since the payload associated with W2 does not exceed 4 bits.

· For CSI mode 2, report 1 carries only the Rel.8 RI. Hence, codebook sub-sampling is irrelevant here. 

2. Codebook sub-sampling is needed for CSI mode 1 report 1 and CSI mode 2 report 2 (highlighted in blue in Table 1). 

· For CSI mode 1, W1 codebook sub-sampling is used to ensure that the maximum payload in report 1 does not exceed 5 bits.
· For CSI mode 2, the upper limit is set by the maximum allowable payload of 11 bits (analogous to Rel.8) which was also agreed in [3]. Hence, a joint and/or separate W1/W2 codebook sub-sampling is needed.
While the design of codebook sub-sampling for CSI mode 1 and 2 is different, the following common set of guidelines is used to ensure that the selected codebook subset offers good performance:
1. The overlapping beam design in W1 (applied directly in the block diagonal term X – see [2]) for ranks 1 to 4 are intended to reduce the edge effect for sub-band precoding during the “beam refinement” selection in W2. Since PUCCH mode 1-1 only supports wideband precoding for both W1 and W2, sub-sampling the W1 codebook without utilizing the overlapping beams seems appropriate. In this case, any performance loss is not expected.  
2. For higher ranks (5 to 7), precoding gain is expected to be small. Hence, utilizing only 1 or 2 out of all the possible W1 matrices is also a feasible overhead reduction venue for PUCCH mode 1-1 without significant performance loss.  
3. The maximum payload associated with RI depends on the UE capability in terms of the maximum number of layers (see Table 5.2.3.3.1-3 in [5]). While this is the case, the codebook sub-sampling scheme itself (for a given rank or across the ranks) should not depend on the UE capability in terms of the maximum number of layers. 
2.1. Codebook Sub-sampling: CSI mode 1 
Following the guidelines given in Section 2, a codebook sub-sampling scheme for report 1 is given in Table 2. For ranks 5 to 7, it is also possible to utilize only one 1 of 4 available W1 matrices if fixed precoding is desired (which nets to a total of 24 hypotheses). This can be done if reducing the total number of hypotheses from 27 to 24 is beneficial despite the same payload of 5 bits. Such scenario is possible if the reserved (unused) hypotheses can be used for other purposes. Another possible reason is the use of some additional channel coding is applied on top of the (20,N) Reed-Muller code to improve error protection. 
For CSI mode 1 report 2, codebook sub-sampling is not needed for W2. Hence, W2 can be reported in full resolution. 
Table 2 W1 codebook sub-sampling scheme for CSI mode 1 report 1
	RI
	Chosen W1 index for sub-sampling (ref. [2])
	No. W1 hypotheses

	1
	0, 2, 4, 6, 8, 10, 12, 14 (no overlapping beams)
	8

	2
	0, 2, 4, 6, 8, 10, 12, 14 (no overlapping beams)
	8

	3
	0, 2 (no overlapping beams)
	2

	4
	0, 2 (no overlapping beams)
	2

	5
	0, 1 (use 2 out of 4)
	2

	6
	0, 1 (use 2 out of 4)
	2

	7
	0, 1 (use 2 out of 4)
	2

	8
	0
	1

	Total no. W1+RI hypotheses across ranks 1-2 (max. layers = 2)
	16 ( 4 bits

	Total no. W1+RI hypotheses across ranks 1-4 (max. layers = 4)
	20 ( 5 bits

	Total no. W1+RI hypotheses across ranks 1-8 (max. layers = 8)
	27 ( 5 bits


2.2. Codebook Sub-sampling: CSI mode 2

Compared to CSI mode 1, it is apparent that CSI mode 2 requires a more aggressive sub-sampling scheme. In addition to the common set of guidelines in Section 2, reducing the spatial beam resolution for a given W1 matrix is also needed in several ranks. This amounts to selecting only a subset of all possible W2 matrices. For maximum sub-sampling efficiency, sub-sampling should be performed jointly between W1 and W2 whenever possible. In addition, joint encoding of W1+W2 should also be used as much as possible. 
Based on the consideration in the previous paragraph, Table 3 gives a W1+W2 codebook sub-sampling scheme for CSI mode 2 report 2. Note that a 7-bit W1+W2 is allowed for rank-1 since only one 4-bit CQI is reported in report 2. For ranks>1, however, only up to 4-bit W1+W2 is allowed to ensure that the total payload in report 2 does not exceed 11 bits. 
Table 3 W1+W2 codebook sub-sampling scheme for CSI mode 2 report 2
	RI
	Chosen W1+W2 index for sub-sampling (ref. [2])
	No. W1+W2 hypotheses

	1
	W1: 0, 2, 4, 6, 8, 10, 12, 14 (no overlapping beams)

W2: all 
	8x16 = 128( 7 bits

	2
	W1: 0, 2, 4, 6, 8, 10, 12, 14 (no overlapping beams)

W2: for each W1, choose only (Y1,Y2)=(e1,e1) with all 2 possible co-phasing 
	8x2 = 16 ( 4 bits

	3
	W1: 0, 2 (no overlapping beams)

W2: for each W1, choose only the odd-entries (8 out of 16 possible) (Y1,Y2) 
	2x8 = 16 ( 4 bits

	4
	W1: 0, 2 (no overlapping beams)

W2: all
	2x8 = 16 ( 4 bits

	5
	W1: 0, 1 (use 2 out of 4)
	2 ( 1 bit

	6
	W1: 0, 1 (use 2 out of 4)
	2 ( 1 bit

	7
	W1: 0, 1 (use 2 out of 4)
	2 ( 1 bit

	8
	W1: 0
	1 ( 0 bit


2.3. Payload Analysis: CSI mode 1 and mode 2

Based on the above codebook sub-sampling schemes, a payload analysis can be found in Table 4. The payload includes CQI whenever applicable (for report 2). The payload comparison between CSI mode 1 and 2 is done based on the following:
· UE capability in terms of the maximum number of layers (2, 4, or 8)

· Comparison per rank since the payload is rank-dependent for report 2
The following can be observed from Table 4:
· For rank-1, CSI mode 1 and 2 employ the same set of precoders and hence the same spatial beam resolution. The same holds for ranks 4 to 8. For ranks 2 and 3, however, CSI mode 2 suffers from lower spatial resolution due to the need for more stringent codebook sub-sampling. 
· For report 1, the payload size of CSI mode 1 is larger than CSI mode 2 (by 2 to 3 bits depending on the maximum number of layers). The opposite happens, however, for report 2 conditioned upon rank-1 in report 1 if the same spatial beam resolution is desired. Here, the payload associated with CSI mode 2 is larger by 3 bits compared to CSI mode 1. Obviously, the difference comes from the reporting of W1. Observe that the payload difference in report 1 between CSI mode 1 and 2 becomes smaller when the maximum number of layers is 8. This is attributed to the efficient joint encoding of W1+RI.
· Essentially, CSI mode 1 and 2 represent two different trade-off points between the overall spatial beam resolution (where CSI mode 1 is superior) and the risk of “error propagation” (where CSI mode 2 is perceived a safer alternative) (see, e.g. [7, 8, 9]). Higher spatial resolution may translate to better performance while less risk of “error propagation” may be beneficial in terms of robustness. However, several points need to be noted regarding “error propagation”:

· “Error propagation” is an issue when the UE fails to meet the error requirements for the CSI report (e.g. ~1% word-error-rate for CQI/W2 and ~0.1-0.5% for W1+RI). Since UE TPC is performed, this is likely to happen when the UE is severely power-limited. In this scenario, however, the use of closed-loop spatial multiplexing is somewhat questionable. Furthermore, as this issue is relevant only for 8Tx, the eNB is equipped with 8 receive antennas – which translates to better link budget margin for UL data reception. Note that the eNB is not likely to command the UE to transmit with much higher power than necessary to maintain the target word-error-rate. 
· As demonstrated in, e.g. [8], a CQI/PMI/RI decoding error event is not necessarily dominated by the RI. While an “RI outage” may be deemed riskier for CSI mode 1 when W1+RI is reported much less often than CQI/W2, a problem may be expected only in some extreme cases of very low reporting rate for W1+RI – as long as the eNB employs some intelligent measure to ensure that the UE transmits with adequate power. This assumes that the total payload of W1+RI is kept sufficiently small, e.g. 4-5 bits.
Table 4 Payload comparison for PUCCH mode 1-1 for different UE capabilities in terms of the maximum number of layers (bits)

	RI
	Max. no. layers = 2
	Max. no. layers = 4
	Max. no. layers = 8
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	CSI mode 1
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3. Performance Comparison of CSI mode 1 and 2 
To better understand the merits of CSI mode 1 and 2 for PUCCH mode 1-1, in this section we compare the DL throughput results with different feedback modes
· CSI mode 1
· W1+RI sub-sampling according to Table 2. No sub-sampling is applied to W2 and CQI.
· CSI mode 2
· W1+W2 and CQI sub-sampling according to Table 3. No sub-sampling is applied to RI report .
3.1. Performance comparison with perfect PUCCH feedback

Link-level performance evaluation of CSI mode 1 and 2 are compared in this section, assuming perfect PUCCH feedback without feedback error. Simulation setup are in line with the agreements in [10] and provided in the Appendix,
For 8x2 SU-MIMO, the following observations are made from Figs. 1-3. 

· ULA and XPD with 0.5L spacing 

· CSI mode 1 has almost the same performance with no sub-sampling

· CSI mode 1 achieves higher DL throughput than CSI mode 2 in medium geometry range, due to less sub-sampling of the final codebook.
· XPD with 4L spacing

· CSI mode 1 has almost the same performance with no sub-sampling

· CSI mode 1 achieves higher DL throughput than CSI mode 2, due to less sub-sampling of the final codebook.
· The performance gain of CSI mode 1 over CSI mode 2 is more significant in less correlated antenna setup (e.g. XPD 4L). 
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Fig. 1: 8x2 SU-MIMO in ULA 0.5L 
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Fig. 2: 8x2 SU-MIMO in XPD 0.5L 
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Fig. 3: 8x2 SU-MIMO in XPD 4L 

For 8x4 SU-MIMO, similar conclusions can be drawn from the results in Figs. 4-6. In all the three cases, it can be observed that 
· CSI mode 1 has almost the same performance with no sub-sampling

· CSI mode 1 outperforms CSI mode 2 in terms of DL throughput in medium geometry range. 
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For 8x2 MU-MIMO, Figs. 7-8 illustrate the performance in ULA 0.5L and XPD 0.5L channels assuming two UEs transmitting with 1-layer each. Zero-forcing beamforming with rank-1 PMI report is applied while downlink rate adaptation is performed with out-loop link adaptation. It is observed that all sub-samplings schemes have similar performance, which is expected due to the similarity in the rank-1 codebook sub-sampling between the two modes.
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Fig. 7: MU-MIMO with 2 UE pairing, rank-1 BF, ULA 0.5L                Fig. 8: MU-MIMO with 2 UE pairing, rank-1 BF, XPD 0.5L

3.2. Performance comparison with PUCCH feedback error

In this section DL throughput performance is compared with the PUCCH feedback error taken into account. 
To model the effect of PUCCH feedback error, a combination of system-level and link-level evaluations are performed.  The DL and UL geometry distribution in 3GPP Case 1 scenario are obtained with system-level simulation and provided in Fig. 15 in the appendix. From the CDF curves, a UL geometry point is generated for each DL geometry point.  For the DL geometry range of interest (0 to 30dB), it is found that the 0.1% target BLER for report 1 and 1% BLER for report 2 can both be met with PUCCH Format 2 feedback with OL PUCCH power control. Thereafter, assuming 0.1% and 1% target BLER, the corresponding BER (for PUCCH payload sizes in Table 4) are then used to generate the bit-level feedback error.  
· For 8x2 SU-MIMO, the DL throughput with PUCCH error is shown in Figs. 9-11. From the simulation results, the same conclusions can be drawn similar to Section 3.1. That is, less sub-sampling (e.g. CSI mode 1) is overall beneficial in terms of DL performance. The claimed effect of “error propagation” with report 1 does not appear to be an issue given the typical BLER requirement for PUCCH report 1, which is aligned with the observation in prior contributions [8]. 
· For 8x4 SU-MIMO, similar conclusion can be drawn from Figs. 12 – 14, 
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Fig. 9: 8x2 SU-MIMO in ULA 0.5L 



 Fig. 10: 8x2 SU-MIMO in XPD 0.5L
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Fig. 11: 8x2 SU-MIMO in XPD 4L 



 Fig. 12: 8x4 SU-MIMO in ULA 0.5L
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Fig. 13: 8x4 SU-MIMO in XPD 0.5L 



 Fig. 14: 8x4 SU-MIMO in XPD 0.5L
4. Conclusion

In this contribution we discussed and compared CSI mode 1 and 2 in the context of PUCCH mode 1-1. In particular, the following aspects were addressed: 

· The choice of codebook sub-sampling for CSI mode 1 and 2 along with the associated payload analysis

· Performance comparison between CSI mode 1 and 2 in various scenarios – with and without taking into account the PUCCH decoding error
Link-level evaluations were provided for 8x2 / 8x4 SU-MIMO and 8x2 MU-MIMO. It is observed that having less sub-sampling (which is the case for PUCCH mode 1-1 CSI Mode 1) is overall beneficial in terms of DL throughput performance. 
Based on the above discussion, it is fair to state that each of the modes (CSI mode 1 and 2) has its own distinctive feature. In the context of PUCCH mode 1-1, CSI mode 1 can be considered as the performance-optimized mode (less sub-sampling) while CSI mode 2 may find its application in some scenarios where the overall reporting rate for CQI/W1/W2/RI is extremely low and rank-1 is the primary transmission (hence more aggressive sub-sampling for rank-2 codebook may be reasonable). Hence, supporting both CSI mode 1 and 2 for PUCCH mode 1-1 seems reasonable. This gives some additional flexibility which is desirable once the 8Tx deployment is better understood.  
Proposal for PUCCH mode 1-1:
· Support both CSI mode 1 and 2

· For CSI Mode 1 and 2, adopt the sub-sampling mechanisms in Table 2 and 3, respectively.
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Table 4: Link-level Simulation Assumption for SU-MIMO

	Parameter
	Assumption

	Bandwidth
	10 MHz

	UE Speed
	3 kph

	Channel model
	3GPP Case1 with SCM system-level model, urban macro high spread

	CQI/PMI periodicity
	5 ms

	RI reporting periodicity
	M = 5 times that of CQI/PMI reporting periodicity (25ms)

	PMI granularity 
	wideband

	Rank adaptation
	Enabled

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	HARQ
	Chase combining, maximum 3 retransmissions

	Scheduling delay
	6 ms

	UE receiver
	Linear MMSE


Table 5: Link-level Simulation Assumption for MU-MIMO

	Parameter
	Assumption

	Channel Model
	3GPP SCM urban macro with high-spread 

	CSI report
	Rank-1 CQI/PMI 

	CQI/PMI periodicity
	5 ms

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	Beamforming
	Zero-forcing BF, w/ regularization factor based on DL geometry.

	Scheduling delay
	6 ms

	UE receiver
	Linear MMSE 

	Number of UEs
	2

	Number of layer per UE
	1
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Fig. 15: CDF of DL and UL geometry for 3GPP Case 1 with 3D electric downtilt
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Fig. 16: PUCCH Format 2 BLER and BER
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