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1 Introduction

In 3GPP RAN1#87 meeting, the working assumption was achieved for advanced CSI codebook [1], which is represented by linear combination of two orthogonal beams with complex weighting coefficients. It is also as a working assumption to support both PUSCH and PUCCH based CSI reporting. However, the details were not touched due to time limitation.
In this contribution, we first discuss the implementation complexity of advanced CSI from UE perspective. Then we provide our views on the support of PUCCH and PUSCH based CSI reporting modes for advanced CSI. In addition, to better support advanced CSI codebook, the enhancement on codebook subset restriction is also discussed in this contribution. 

2 Advanced CSI codebook

2.1 Complexity

The working assumption for advanced CSI codebook is linear combination of two orthogonal beam vectors in W1 with amplitude and phase coefficients. The main concern for advanced CSI codebook is the implementation complexity on UE side, especially when the number of CSI-RS ports is large. Thanks to the structure of W1, i.e. 2 orthogonal beams on each diagonal block, the dimension of the effective channel can be reduced to NR×4 after mapping channel H on W1, i.e.
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Then the covariance matrix of effective channel for a given subband is 
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. Through eigen value decomposition, the eigenvectors corresponding to the maximal eigen-value will be the combining coefficients. After quantization of associated coefficients using predefined co-phasing values, the elements in W2 are obtained. 
From the discussion above we can see, the exhaustive search of optimal codebook can be avoided in CSI derivation, which substantially reduce the implementation complexity. On the other hand, the reduced dimension of effective channel and associated covariance matrix can significantly simplify the UE’s processing. The UE is capable of operating eigen-value decomposition even for subband based covariance matrix. Hence, there is no complexity issue in supporting advanced CSI codebook, and this working assumption should be confirmed.

Proposal1: Confirm the working assumption of advanced CSI codebook.
2.2 Performance
Plenty of simulation results for advanced CSI had been provided in previous meetings [2-3], which showed the substantial performance gain of advanced CSI over legacy codebook design. In this section, the simulation results of approved working assumption are illustrated in Figure1 and Figure2 for 4Tx and 16Tx under UMa and UMi channel model respectively. The simulation conditions are detailed in Appendix. As comparison, we also provide the results of advanced CSI codebook with subband amplitude and subband phase feedback, where amplitude is quantized in 2bits while phase in 3 bits.
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From the simulation results we can see, substantial performance gain is observed under various antenna configurations and channel models based on the working assumption of advanced CSI. In addition, we also observe that there is still big room for performance improvement. Additional large gain can be achieved by further enabling subband amplitude feedback.
3 Aperiodic CSI reporting
3.1 Aperiodic PMI Feedback Types 
Before Rel-14, LTE supports single PMI feedback, i.e. Mode1-1 and Mode 3-1, and multiple PMI feedback, i.e. Mode 1-2, Mode2-2, and Mode 3-2, which are illustrated in Table1.
Table1: CQI and PMI Feedback Types for PUSCH CSI reporting Modes
	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI
	Multiple PMI

	PUSCH CQI
Feedback Type
	Wideband

(wideband CQI)
	Mode 1-0
	Mode 1-1
	Mode 1-2

	
	UE Selected

(subband CQI)
	Mode 2-0
	
	Mode 2-2

	
	Higher Layer-configured
(subband CQI)
	Mode 3-0
	Mode 3-1
	Mode 3-2


Advanced CSI in Rel-14 provides high resolution codebook, in particular for channel environment with large angle spread. This codebook has some specific properties, such as relative large reporting overhead and sensitivity about reporting granularity in frequency and time domain. Among dual-stage PMI reporting, the first PMI reflects the channel statistic property that UE experienced, such as angle direction and power distribution, which could be wideband based. The PMI2 reporting indeed indicates the combining coefficients between selected beams and polarizations, which highly depends on instantaneous channel response on each frequency subband. Wideband PMI2 reporting severely damages advanced CSI performance. Simulation results from previous meetings show that advanced CSI with wideband PMI feedback provides trivial gain compared with legacy codebook.
Based on the discussion above, supporting single PMI reporting seems meaningless. We propose to only support multiple PMI reporting in advanced CSI. 
Proposal2: Support multiple PMI feedback for PUSCH CSI reporting in advanced CSI, i.e. mode 1-2, mode2-2, and mode 3-2.
3.2 Channel coding for advanced CSI 

In advanced CSI, the payload size is much larger than legacy codebook. For instance, the PMI reporting for legacy codebook and advanced codebook are shown in Table 2 in the case of 20MHz bandwidth and (N1, N2) = (4, 4) with rank2 transmission.
Table2: PMI payload size for PUSCH CSI reporting Mode 3-2 ((N1, N2) = (4, 4), rank2, 20MHz bandwidth)
	
	PMI (bits)
	PMI2 per subband(bits)
	Total PMI (bits) 

	Legacy codebook
	7
	4
	7+4*13=59

	Advanced Codebook
	13
	12
	13+12*13 = 169


Together with the CQI reporting, the payload size for advanced CSI will be 169+60=229bits. When CSIs of 32 CC are to be reported in the same subframe, the CSI payload will reach 7328 bits. Such payload size seems too large for TBCC coder. One alternative is to use turbo coder for advanced CSI when the payload size exceeds a certain threshold, which guarantees that the CSIs are always encoded efficiently. However, further study is needed on the details of this mechanism, such as determination of beta_offset table. Considering the remaining time slot, using TBCC for advanced CSI is also acceptable although it is not efficient for large CSI payloads. 
4 Periodic CSI reporting
4.1 Periodic PMI Feedback Types 
PUCCH mode 1-1 and 2-1 were defined for periodic PMI reporting in LTE Rel-8, where one PMI is selected and reported, which is shown in Table3. To support dual-stage codebook reporting, PUCCH mode 1-1 submode1, submode2, PUCCH mode 2-1 with new reporting types were defined in later releases. 

Table3: CQI and PMI Feedback Types for PUCCH CSI reporting Modes
	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI

	PUCCH CQI
Feedback Type
	Wideband

(wideband CQI)
	Mode 1-0
	Mode 1-1

	
	UE Selected

(subband CQI)
	Mode 2-0
	Mode 2-1


As we discussed above, wideband PMI2 feedback of advanced CSI provides trivial gain over legacy codebook. Therefore supporting wideband PMI2 feedback seems meaningless. PUCCH mode 1-1 is special for wideband PMI feedback, which can be precluded for advanced CSI reporting. 

For dual-stage codebook, PUCCH mode 2-1 contains 3 reporting instances, where PTI in the first report determines the CSI contents of subsequent reports, which is showed in the following:
· PUCCH mode2-1

Report1: RI+PTI.         
Report2:                              

· PTI=0 : PMI1                   
· PTI=1: Wideband CQI + Wideband PMI2
Report3:       

· PTI=0: Wideband CQI + wideband PMI2 
· PTI=1:subband CQI + subband PMI2+subband label  

PUCCH format2-1 contains UE selected subband CQI/PMI2 reporting, which satisfies the requirement of advanced CSI. Hence we propose to support PUCCH mode 2-1 for advanced CSI. 
Proposal3: Support PUCCH CSI reporting Mode2-1 in advanced CSI.

On the other hand, advanced CSI is time sensitive as well. In PUCCH mode2-1, it will take 3~4 reporting periods to obtain selected PMI2/CQI on all bandwidth parts when PTI=1. The reported PMI2 may be outdated when eNB is going to use it for PDSCH transmission. One alternative is to report more than one subband PMI2/CQI in one reporting instance, which helps to reduce the CSI reporting latency. For instance, new reporting mode, i.e. PUCCH 2-1a, can be introduced as 
· PUCCH mode2-1a
Report1:  RI         
Report2:  PMI1                  
Report3:  subband CQI + subband PMI2+subband label for J bandwidth parts   
Thus, UE selected subband PMI2/CQI for each bandwidth part can be feedback in one reporting instance, which satisfies advanced CSI reporting requirement. 

Based on the discussion above, we propose
Proposal4: Enhance PUCCH mode 2-1 to support more than one subband PMI2/CQI reporting in one reporting instance.
4.2 PUCCH format for advanced CSI reporting
In legacy CSI reporting, PUCCH format 2/2a/2b are used to carry CSIs, where the CSI payload size does not exceed 11bits. However, for advanced CSI, for either PMI1 or PMI2, the number of bits may exceed the PUCCH format 2 capacity. For instance, the number of bits for advanced PMI is summarized below. 
Table4: PMI Feedback overhead for advanced CSI
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In PUCCH mode 2-1, PUCCH format2 has sufficient capacity to carry Report1, i.e. RI+PTI. For Report2, when PTI=1, the required bits number for wideband CQI + wideband PMI2 will be 12+7=19 bits, which is impossible to be carried by PUCCH format2. PUCCH format3 has the sufficient capacity for this CSI reporting. Similarly, for Report3, the maximal payload size will be 12+7+2=21 bits. PUCCH format 3 should be used as well. In CSI reporting in CA, PUCCH format can be adaptively changed according to the number of CA in one reporting instance. Following the same principle, hybrid PUCCH formats can be used for different reporting instance. For instance, PUCCH formats used for Mode 2-1 are illustrated in Table5,
Table5: PUCCH format for each reporting in Mode 2-1
	
	Report 1
	Report2
	Report3

	Reporting contents
	RI+PTI
	PMI1 for PTI=0

WB CQI/PMI2 for PTI=1
	Wideband CQI/PMI2 for PTI=0

SB CQI/PMI2 and label for PTI=1

	PUCCH format
	Format2
	Format3
	Format3


For new defined PUCCH mode, i.e. PUCCH Mode 2-1a, Report2 requires 5-13 bits for PMI1 reporting. Of course, PUCCH format3 can be used but with some kind of resource waste. The other possible solution is to apply sub-sampling on PMI1, such as using O1=O2=2. Thus the number of bits for PMI1 reporting will be 4~11 bits, which is within the capacity of PUCCH format 2. For Report3, the required number of bits for J bandwidth parts reporting is (12+7+2) ×4 = 84 bits for 20MHz bandwidth. We propose to adopt PUCCH format 4 or PUCCH format5 for this CSI reporting instance. Hence, PUCCH formats for new defined reporting mode are

Table6: PUCCH format for each reporting in Mode 2-1a
	
	Report 1
	Report2
	Report3

	Reporting contents
	RI
	Sub-sampled PMI1 
	SB CQI/PMI2 and label for J bandwidth parts

	PUCCH format
	Format2
	Format2
	Format4/5


Using different PUCCH format for different reporting instance can achieve the best uplink resource utilization efficiency. Hence we propose

Proposal5: Adopt different PUCCH format for different reporting instance according to CSI payload.
5 Codebook Subset Restriction

Through CSR signaling, eNB can forbid UE to choose codebook targeting undesired angle direction during CSI derivation. In LTE Rel-13, CSR is implemented by individual signaling each available beam vector, PMI2 and rank. Signaling available beam vectors works well for legacy codebook because the precoder of one data layer is usually constructed with the same beam vector on two polarizations. However, this mechanism may not work for advanced CSI as two beam vectors are combined to generate a codebook. 
To support CSR in advanced CSI, Rel-13 CSR can be extended by further specifying UE’s behaviour. When the undesired beam is indicated via CSR, beam pairs containing restricted beam vector will be precluded to construct W1 for CSI derivation. For instance, NB limits high power transmission on angle direction 
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) are forbidden to construct W1. However, this mechanism is not accurate enough because some other beam pairs may generate strong power on beam direction 
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 for 1D antenna configuration. 

The codebook subset restriction mechanism in Rel-10 may work for advanced CSI, i.e. available W1s can be indicated by bitmap parameter. However, the payload size to indicate W1 is a bit large. For instance, for antenna configuration (N1, N2) = (4, 4), the size of W1 candidates will be 213 = 8192 and so does the bitmap size. 

One possible way to reduce the bitmap size is to separately indicate beam pairs and amplitude p in W1.  For example, in the case of (N1, N2) = (4, 4), there are total 211 = 2048 beam pair candidates. If we don’t care about the order within one beam pair, the number of beam pairs can be further reduced to 210 = 1024. In addition, the available amplitude coefficient p can be indicated with 4 bits. Hence the total bit number for W1 indication is 2048+4=2052 bits.

In addition, the size of bitmap for W2 will be large as well, i.e. 26(rank1)+212(rank2)=4160 bits for rank1/2, if we follow the same principle of Rel-10 and Rel-13 for PMI2 indication. One possible simplification is to indicate the available values per element in W2 separately. For instance, in the case of rank2, there are 6 variables, and available value for each variable is selected from [1 j -1 -j]. Then it requires 6*4 = 24 bits for W2 indication.  

Based on the discussion above, we propose

Proposal6: Enhance codebook subset restriction in advanced CSI. The bitmap parameter includes PMI1 and PMI2 fields, where 
· In PMI1 field, the available W1s are indicated by two separate bitmap fields, i.e. one for beam pair (
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) and another one for amplitude p of the second beam. 
· In PMI2 field, the available W2s are indicated by individually signaling the available values of each phase coefficient.
6 Conclusions

This contribution first analyzes the implementation complexity of advanced CSI from UE perspective. Then the details of PUCCH and PUSCH based CSI reporting are discussed. In addition, to better support advanced CSI codebook the enhancement on codebook subset restriction is also discussed. We propose 
Proposal1: Confirm the working assumption of advanced CSI codebook.
Proposal2: Support multiple PMI feedback for PUSCH CSI reporting in advanced CSI, i.e. mode 1-2, mode2-2, and mode 3-2.

Proposal3: Support PUCCH CSI reporting Mode2-1 in advanced CSI.

Proposal4: Enhance PUCCH mode 2-1 to support more than one subband PMI2/CQI reporting in one reporting instance.
Proposal5: Adopt different PUCCH format for different reporting instance according to CSI payload.
For codebook subset restriction, we propose

Proposal6: Enhance codebook subset restriction in advanced CSI. The bitmap parameter includes PMI1 and PMI2 fields, where 

· In PMI1 field, the available W1s are indicated by two separate bitmap fields, i.e. one for beam pair (
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) and another one for amplitude p of the second beam. 

· In PMI2 field, the available W2s are indicated by individually signaling the available values of each phase coefficient.
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Appendix
Simulation assumptions
	Parameter
	Value

	Scenario
	UMa with 500m ISD andUMi with 200m ISD, 2GHz

	Antenna 
configuration
	4Tx/16Tx(N1=4, N2=2), X-polarized: 45/-45 degrees

	
	2 Rx at UE with 
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spacing
X-polarized: 0/+90 degrees

	
	3D antenna pattern defined in TR36.897

	UE 
configurations

	Speed: 3km/h

	
	UE attachment: Based on RSRP from CRS port 0

	
	UE distribution: 80% indoor and 20% outdoor only distributed on floor

	SRS configuraton
	2Tx at UE with
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spacing
X-polarized: 0/+90 degrees

	System 
Bandwidth
	10MHz (50RBs)

	Scheduler
	PF

	Number of UEs per cell
	10

	traffic model
	Burst buffer with 70% RU 

	Transmit Mode
	TM10 with a single CSI process

	
	Max paired UE number: 2

	Receiver
	Non-Ideal channel estimation

	
	Non-Ideal interference modeling

	
	MMSE-IRC receiver

	Hybrid ARQ
	Maximum 4 transmissions

	Feedback 
	PUSCH 3-2 

	
	CQI and PMI reporting triggered per 5ms 

	
	Feedback delay is 5ms

	Overhead
	3 symbols for DL CCHs, 2 CRS ports and DM-RS with 12 REs per PRB

	Handover margin
	3dB






















































































































































































Figure2: Performance gain of working assumption and further enhancement under 16Tx and UMi channel model





Figure1: Performance gain of working assumption and further enhancement under 4Tx and UMa channel model
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