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1. Introduction
	At the 3GPP TSG RAN WG1 Meeting #90 significant progress was made on CSI reporting [1, 2] including such issues as encoding of CSI components in UCI for PUCCH and PUSCH, characteristics of periodic, semi-persistent and aperiodic CSI reporting and some details on codebook subset restriction.
	In this contribution remaining issues on CSI reporting are discussed. First, analysis of CSI encoding in UCI for PUCCH and PUSCH based CSI reporting is provided. Second, considerations on NR codebook subset restriction (CSR) are represented considering cases of Type I rank 3, 4 codebooks for 16, 24 and 32 ports, Type I multi-panel codebooks and Type II codebooks. Enhancements for open/semi-open-loop transmission are proposed in the last section.
2. Discussion
2.1. CSI encoding for PUCCH
	At the last RAN1 meeting an agreement was made on encoding of CSI components for PUCCH-based reporting [1, 2]. Following the aforementioned agreement there are two possible alternatives of CSI encoding for short duration PUCCH: 
· Alt. 1: RI/CRI/PMI/CQI jointly encoded
· Alt. 1B: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
	Generally, these two alternatives assume single packet encoding of CSI components (RI, CRI, PMI and CQI). Alt. 1 has broader meaning comparing to Alt. 1B. In general case, payload size cannot be known at the gNB side without prior information about RI/CRI, since number of bits required for CSI reporting depends on RI/CRI value. Hence, Alt. 1 can possibly result in ambiguity of UCI payload size. Another approach that can be considered for Alt. 1 assumes resolving the ambiguity of payload size by introduction of single index defining values of RI, CRI, PMI and CQI. Such approach has several drawbacks. First, association of multiple components with single index is challenging from the specification point of view, especially considering that PMI includes wideband index i1 and subband index i2, furthermore the exact definition of CRI and CQI is not agreed yet. Second, it is not beneficial to associate RI and CRI with CQI if the number of possible CQI values is power of 2.
[bookmark: _GoBack]	For Alt. 1B, UCI payload size ambiguity is resolved by introducing padding bits prior to encoding to ensure the same payload irrespective of RI. However, the exact coding scheme for this case is not defined. There are several approaches to use padding bits in order to improve the performance of PUCCH (e.g. repetition), moreover using specific properties of Polar codes it is possible to do sequential decoding of RI to resolve payload size ambiguity.
According to the agreement there are two possible alternatives for CSI encoding for long duration PUCCH:
· Alt. 1: RI/CRI/PMI/CQI with padding bits prior to encoding (to ensure the same payload irrespective of RI)
· FFS if payload size depends on RI (or CRI, if present)
· Alt. 2: RI/CRI encoded separately from PMI/CQI
· Resource mapping/coding should consider payload size variation for different RI values
	Comparing to the case of CSI reporting via short duration PUCCH, encoding of CSI components using two code blocks is possible for long duration PUCCH. More specifically, Alt. 2 assumes that RI and CRI can be independently encoded from PMI and CQI. This approach allows to reduce the average number of bits required for CSI reporting, however Alt. 2 provides lower coding gain in comparison with Alt. 1 since the length of each code block is shorter with the same amount of resources available. Furthermore such approach suffers from time/frequency channel selectivity. Thus, in some cases separate coding of RI has worse performance comparing to single-packet encoding, moreover separate encoding has higher decoding latency and power consumption. 
	Since Alt. 1 for long duration PUCCH is similar to Alt. 1B for short duration PUCCH, it shares the same comments as the above comments for Alt. 1B for short duration PUCCH. Considering the above discussion the following proposal was made.
	Proposal 1: For long duration and short duration PUCCH support single-packet encoding of CSI components without payload size ambiguity. 
2.2. CSI encoding for PUSCH
	At the last RAN1 meeting an agreement was made on encoding of CSI parameters for PUSCH-based reporting [1, 2]. The agreement assumes that CSI components are split up into several parts. The main intention to split up the CSI components is to reduce CSI reporting overhead. Reduction of CSI reporting overhead is possible since the number of bits required for reporting of part i+1 depends on the value of part i. 
	The content of each part for Type I CSI is defined by the agreement. However, there are two options possible for Type II CSI: 
· A CSI report is composed of up to 2 parts
· Details of parts are FFS
· A CSI report is composed of up to 3 parts
· Part 1: RI, CQI for the 1st CW
· FFS: if only wideband CQI is used for the first part
· Part 2: wideband amplitude information
· Part 3: PMI
	For Type II CSI reporting, number of bits required for wideband amplitude information depends on the value of RI, for PMI reporting number of bits depends on the value of RI and wideband amplitude information. To see if splitting up CSI content into three part is reasonable, estimations of difference in number of bits for various cases are provided further considering the following assumptions: L = 4, 8-PSK phase reporting, WB magnitude reporting, 4 subbands. Number of bits for wideband amplitude information reporting differs by 21 bits for RI = 1 comparing to RI = 2. Number of bits for PMI reporting differs by 84 bits and up to 168 bits for different values of RI and wideband amplitude information respectively. Considering the above numbers, it is reasonable to support 2 parts for Type II CSI reporting, where the first part is comprised of RI, wideband amplitude information and CQI for the 1st CW, the second part is comprised of PMI. 
	Proposal 2: For PUSCH-based Type II CSI reporting, CSI report is composed of up to 2 parts, where part 1 is comprised of RI, CQI for the 1st CW and wideband amplitude information, part 2 is comprised of PMI
2.3. Codebook subset restriction
	At the last RAN1 meeting [1] the following agreement was made on CSR for NR. 
	Agreements:
· Codebook subset restriction (CSR) is supported for Type I single-panel
· CSR supports DFT beam restriction and rank restriction
· Beam restriction is bitmap of length N1O1N2O2 where each bit is associated with DFT beam
· If a PMI is comprising of at least one restricted DFT beam, this PMI is considered as restricted
· FFS:  Beam restriction for rank 3-4 codebooks for 16,24 and 32 ports
· CSR is supported for Type I multi-panel
· CSR supports at least rank restriction and beam restriction
· FFS: Details
· FFS beamforming direction restriction, e.g., it can include at least DFT beam
· FFS CSR for Type II
· CSR supports DFT beam restriction and rank restriction and FFS power restriction
· FFS: Details
· FFS: Impact of CSR on CSI reporting payload size
· FFS CSR for 2Tx



2.3.1. Type I Single-panel
	The above agreement covers design of CSR for Type I single-panel codebooks with several open issues such as the cases of rank 3-4 codebooks for 16, 24 and 32 ports and 2Tx case. The above cases are precluded from the general CSR framework for Type I single-panel since different codebook structures are specified for these cases [3, 4]. 
	For 2Tx codebooks, number of possible PMI values is low, rank 1 and rank 2 2Tx codebooks contains 6 PMIs in total. Thus, for the purpose of CSR for 2Tx, bitmap with one-to-one mapping of bits to PMIs can be easily supported.  
	Proposal 3: Codebook subset restriction for 2Tx is bitmap of length 6 bits, where 4 bits are used for rank 1 PMI restriction and 2 bits are used for rank 2 PMI restriction.
	In order to decrease number of bits required for signalling of CSR it is better to use same bitmap configured for CSR for Type I single-panel codebooks for all ranks, including rank 3,4 codebooks for the cases of 16, 24, 32 ports. 
	Proposal 4: Single bitmap of length N1N2O1O2 is used for Type I single-panel codebook subset restriction for all possible rank values, considering the cases of rank 3, 4 codebooks for 16, 24, 32 ports.
	In order to better understand the issue of CSR for rank 3-4 codebooks for 16, 24 and 32 ports, beamforming vector structure for the other cases is considered first, then details of beamforming vector structure for rank 3-4 codebooks for 16, 24 and 32 ports is provided. The term beamforming vector here means the part of precoding vector which determines the direction of the transmission, in other words which corresponds to antenna ports with same polarization and different locations. 
	For Type I single-panel codebooks the structure of beamforming vector vl, m follows the equation represented below. This kind of structure is called 2D DFT beam since it corresponds to Kronecker product of two DFT vectors. Such precoding vector corresponds to narrow beamforming pattern, the beamforming direction can be easily calculated from beam indexes l, m and parameters of antenna array.




Beamforming vector bg, m, p for the cases of rank 3-4 codebooks for 16, 24 and 32 ports follows so-called antenna grouping design (see below equations). The examples of beamforming patterns for different beamforming vectors are provided in the Appendix.




 
	From the comparison of the above equations for vl, m and bg, m, p it can be concluded that the part of beamforming vector which is responsible for the direction of the transmission in the second dimension N2 of antenna array is represented as DFT vector um in both cases. Furthermore, it can be easily shown that beamforming vector bg, m, mod(g,4) equals to DFT beam v2g, m, hence it is reasonable to use bit corresponding to DFT vector v2g, m for restriction of the beamforming vector bg, m, mod(g,4). Odd bits within bitmap for vl, m restriction can be used for restriction of bg, m, p in accordance to corresponding beamforming patterns (see Appendix). Considering the above the following rule is proposed.
	Proposal 5: Bit al,m from the codebook subset restriction bitmap of length N1N2O1O2 is used for rank 3, 4 Type I codebooks for 16, 24 and 32 ports according to the following rule
· If al,m is set to zero and index l is even, then PMIs based on quantity bl/2 ,m, mod(l/2,4) are restricted for reporting
· If al,m is set to zero and index l is odd, then PMIs based on quantities b(l - 1)/2, m, mod(l/2,4)-1, b(l - 1)/2, m, mod(l/2,4)-2, b(l + 1)/2 ,m, mod(l/2,4)+1 and b(l + 1)/2, m, mod(l/2,4)+2 are restricted for reporting
· 



Where  	 

2.3.2. Type I Multi-panel
	The construction of multi-panel codebook is based on DFT beamforming per each panel and co-phasing of polarization and panels, where the same DFT beam is applied for all panels and polarizations. The example of precoder W for rank 1 multi-panel codebook and 2 panel antenna is shown below, where c1, c2, c3 are independently reported in accordance to Mode 2 of multi-panel codebooks.


In the example above it is assumed that antenna port indexing is performed in such way so that vector [vl,mT  c2· vl,mT]T corresponds to beamforming of the first polarization and vector [vl,mT  (c3/c1)· vl,mT]T to beamforming vector of the second polarization.


Figure 1. Illustration of precoding for multi-panel antenna array 
The direction of the transmission in the PMI structure above is determined by the DFT beam vl,m and co-phasing coefficients c1 and c3/c2. Therefore, CBSR for multi-panel codebook PMI restriction should consider both DFT beams and co-phasing coefficients. The resulting size of bitmap that covers all possible combinations of DFT beams and panel co-phasing factors equals to 4(Ng-1)·N1N2O1O2. For Ng = 4 number of bits in such bitmap is up to 4096 bits. We can conclude that such approach is not applicable for antenna configurations with Ng = 4.
	Proposal 6: For Type I multi-panel codebooks with Ng = 2 beamforming vector restriction is represented as bitmap of length 4·N1N2O1O2 that covers all possible combinations of DFT beams and inter-panel co-phasing coefficient.
2.3.3. Type II
Type II CSI was designed in order to enhance the performance of MU-MIMO transmission. The accuracy of spatial channel feedback in case of Type II CSI allows to improve interference suppression through usage of the advanced precoding strategies such as SLNR or MMSE. First, accurate knowledge of the channel increase suppression capabilities of intra-cell interference. The beamforming vector in Type II codebook is represented as linear combination of 2, 3 or 4 DFT beams as follows

,
· 
 – wideband (WB) beam amplitude scaling factor for beam i and on polarization r and layer k
· 
 – subband (SB) beam amplitude scaling factor for beam i and on polarization r and layer k
· Cr,k,i – beam combining coefficient (phase) for beam i and on polarization r and layer k

	For codebook subset restriction for Type II CSI reporting, two bitmaps A1 and A2 can be considered, where the first bitmap is used for DFT beams restriction corresponding to high power beams. If the corresponding bit in the bitmap is set to zero, then reporting of beam with WB beam amplitude scaling factor exceeding threshold P is considered to be restricted. The second bitmap is used for restriction of the DFT beams with low power: if corresponding bit in the bitmap is set to zero, then reporting of beam with WB beam amplitude scaling factor under threshold P is considered to be restricted. Where P can be defined in specification or configurable by high-layer signaling.
	Proposal 7: For Type II CSI support two bitmaps for PMI restriction:
· 
Bitmap for DFT beams with WB beam amplitude scaling factor ≥ P
· 
Bitmap for DFT beams with WB beam amplitude scaling factor < P

2.4. CSI for open/semi-open-loop 
In previous meeting it was agreed that NR supports single downlink transmission scheme with transparent precoding from the UE perspective. For this transmission scheme same precoding matrix is applied for DMRS antenna ports and data spatial layers. It is well-known that the performance of such transmission scheme strongly depends on the accuracy of MIMO channel knowledge at the gNB transmitter. In some cases spatial channel state information may be not reliable or available at the gNB transmitter. In this case gNB should apply precoding cycling to achieve better spatial coverage and additional transmit diversity gain.
One of the important aspect of the precoding cycling transmission scheme is selection of the precoder set for the cycling. In this contribution, we compared two different precoder sets, one with DFT vectors and the other with non DFT vectors.
Non DFT precoding vectors were obtained from DFT vectors W by using beam broadening operation, where each DFT vector is multiplied by beam broadening function as follows:





,
where Wb is resulting precoding corresponding to broaden beam, N1 or N2 is number of antennas in horizontal and vertical domain and {p,c} are parameters that determine the desired beam width of the precoding. The examples of beam patterns for different values of c are illustrated in Figure 1.
 [image: ] 
[bookmark: _Ref458412312]Figure 2: Examples of beam broadening with 4 antennas for different c values 
To compare the performance of open-loop scheme with different precoding vectors sets, link-level simulations were carried out. For simulations, eight transmit antennas at the gNB were assumed. The channel with medium and high correlations were considered. LTE 8Tx rank-1 codebook with and without beam broadening function were used for precoding cycling, where the precoder was randomly chosen in every PRB. Other details of simulation assumptions can be found in Appendix. 

[image: ][image: ]
[bookmark: _Ref485047888]Figure 3: Link level simulation results for precoder cycling with different c values and different MCS
From the simulation results in Figure 2, it can be seen that precoding cycling based on the non-DFT vectors with the beam broadening function provides noticeable gains over DFT precoding cycling. The performance gains are increasing for the channel with high correlation.  Note that that beam broadening can be also supported by precoding of CSI-RS by the beam broadening function in transparent to the UE manner. Based on the result the following observation and proposal can be made:
Observation: Beam broadening function provides noticeable gains over DFT precoding for open-loop transmission scheme with precoding cycling. 
Alternative approach to achieve beam broadening is to use subset of CSI-RS antenna ports for beamforming. To assist such precoding on the subset of antenna ports, the periodic CSI reporting can be configured with subset of CSI-RS antenna ports comparing to CSI-RS resource configuration for aperiodic CSI reporting. The concept is illustrated in Figure 3, where aperiodic CSI is configured with (4,4) antenna port layout with 32 CSI-RS antenna ports, while periodic CSI is configured with (4,1) antenna port layout with 8 antenna ports. With this approach the PMI received from periodic CSI can be used for assist wide beam beamforming, while the PMI received aperiodic CSI can be used to assist narrow beam beamforming. With this approach the number of reported PMI information on PUCCH can be also reduced, which is in line with the design principles of periodic CSI feedback. It is worth noting that configurability of number of port is agreed in NR.

[image: ]
Figure 4: Configuration of different number of antenna ports for periodic and aperiodic CSI reporting
	Proposal 8:
· NR should support beam broadening function to improve the performance in high mobility scenarios. 
· Three options for beam broadening can be considered:
· Beam broadening  function in the codebook
· Precoding of CSI-RS using beam broadening function
· Periodic CSI reporting using subset of CSI-RS antenna port 

3. Conclusion
	In this contribution the following proposals were made.
	Proposal 1: For long duration and short duration PUCCH support single-packet encoding of CSI components without payload size ambiguity.
	Proposal 2: For PUSCH-based Type II CSI reporting, CSI report is composed of up to 2 parts, where part 1 is comprised of RI, CQI for the 1st CW and wideband amplitude information, part 2 is comprised of PMI
	Proposal 3: Codebook subset restriction for 2Tx is bitmap of length 6 bits, where 4 bits are used for rank 1 PMI restriction and 2 bits are used for rank 2 PMI restriction.
	Proposal 4: Single bitmap of length N1N2O1O2 is used for Type I single-panel codebook subset restriction for all possible rank values, considering the cases of rank 3, 4 codebooks for 16, 24, 32 ports.
	Proposal 5: Bit al,m from the codebook subset restriction bitmap of length N1N2O1O2 is used for rank 3, 4 Type I codebooks for 16, 24 and 32 ports according to the following rule
	Proposal 6: For Type I multi-panel codebooks with Ng = 2 beamforming vector restriction is represented as bitmap of length 4·N1N2O1O2 that covers all possible combinations of DFT beams and inter-panel co-phasing coefficient.
	Proposal 7: For Type II CSI support two bitmaps for PMI restriction:
· 
Bitmap for DFT beams with WB beam amplitude scaling factor ≥ P
· 
Bitmap for DFT beams with WB beam amplitude scaling factor < P
	Proposal 8:
· NR should support beam broadening function to improve the performance in high mobility scenarios. 
· Three options for beam broadening can be considered:
· Beam broadening  function in the codebook
· Precoding of CSI-RS using beam broadening function
· Periodic CSI reporting using subset of CSI-RS antenna port 
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Figure 5: Examples of beam patterns for different beamforming vectors 
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