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Introduction
For Type II CSI feedback, 3 categories of CSI reporting are listed as candidates in [1]. Down selections of both different categories and the schemes within it are necessary. In this contribution, we share our views on Type II CSI feedback of NR-MIMO.
Type II CSI categories
As mentioned in [1], 3 categories of Type II CSI reporting were proposed.  In Category 1, the codebook is similar to the advanced CSI codebook in Rel-14 eFD-MIMO. Within the codebook, W1 and W2 characterize wideband/long-term and subband/short-term channel information, respectively.  The structure and the resolution of W1 and W2 have a significant impact on the overhead and performance.  The CSI feedback in Category 1 is essentially the so called implicit feedback, i.e., the CQI corresponds to the data rate that can be supported based on the UE RX processing capability when the precoding matrix indicated by PMI/RI is applied.  The main advantage of such implicit feedback is that the UE RX processing capability can be implicitly reported to the gNB and there’s no ambiguity regarding the rate suggested by UE.  NR-MIMO should leverage such implicit feedback mechanism for Type II CSI reporting. 
Category 2, which includes covariance matrix in the feedback, has shown promising gain with some additional overhead compared to precoder feedback.  However, the CQI and/or RI are not well-defined for covariance matrix feedback.  It could be a problem, if Category 2 CSI is configured to a UE standalone.  Since the covariance matrix feedback is typically a wideband reporting, it is equivalent to a W1 feedback with multiple eigenvectors.  The associated CQI/RI can be obtained by the W2 which is based on either a linear combination or a selection of eigenvectors to build up the final precoder.  In fact, hybrid CSI reporting, where W1 and W2 are derived separately based on different CSI-RS resources, shall be considered as a typical use case of Category 2 Type II CSI.
Category 3, which incorporates higher resolution CSI for hybrid-CSI reporting.  The long-term feedback of W1 can be based on either UE reporting, or UL/DL reciprocity.  W2 may include port selection and combination within the subspace associated with the beamformed CSI-RS.  To our understand, however, the W1 and W2 in Category 3 can simply share the same definition as those in Category 1, but the calculation can be based on a different set of CSI-RS resources.  The necessity of introducing a separate codebook or feedback design in terms of Category 3 is unclear thereafter.
Proposal 1: Both precoder and covariance matrix feedback of Type II CSI need to be supported.
Proposal 2: If a UE is configured with a Category 2 reporting, an implicit CSI feedback (either Type I or Type II Category 1) is needed for CQI/RI reporting.
Proposal 3: Category 3 shares the same codebook as Category 1.  The W1 and W2 are derived based on different CSI-RS resources.
Category 1 feedback schemes down selection
For gNBs with large antenna arrays, beamforming gain as well as system performance are expected to be largely improved with the help of higher resolution precoder feedback.  Such precoder feedback is usually expressed in a reduced spaced representation, i.e., use the projection of the channel to a set of DFT beams to compress the channel, to achieve the tradeoff of performance and overhead.  As listed in [2], 5 different feedback schemes were proposed, but more details need to be further studied/refined.  In summary, all 5 schemes assume as a two stage W1/ W2 precoder structure, where the beam basis for compressed channel is modeled in W1 and the power/phase after channel compression is modeled in W2 and/or W1.  We further compare the major differences of each scheme in Table 1.  
Table 1. Differences of schemes in Category 1 for precoder feedback.
	
	Scheme1-1
	Scheme1-2
	Scheme1-3/1-4
	Scheme1-5

	Beam basis 
	Wideband with orthogonal DFT beams, # beams = 2,3,4,[6] , same beams on X-pol
Beams are selected within unrestricted orthogonal beam group
	Same as Scheme 1-1 except:
DFT beams are per port-group(2 groups on either 1st/2nd dimension) 
	Scheme1-3: wideband reporting of orthogonal beams
,
Scheme1-4: wideband reporting of non-orthogonal beams

	Same as Scheme1-1 except beams are selected within restricted beam group

	Power weight
	Wideband or subband report
Same or different weight on polarization and/or layers
	Wideband or subband report
Same or different weight on port-groups and/or layers
	Subband report
Different per polarization and layer 
	Subband report
Different per polarization and layer

	Phase weight
	Subband report 
Different per polarization per layer
	Subband report 
Different per polarization per layer
	Subband report 
Different per polarization per layer
	Subband report 
Different per polarization per layer

	# Rank
	<=2 
	<=2
	Unrestricted (>2)
	Unrestricted (>2)



In our understanding, scheme 1-1 is the extension of advanced CSI in LTE Rel.14. Since the upper-bound of the UCI payload could be much improved in NR than LTE, updates on certain parameters such as larger beam basis size or finer quantization could be utilized to generate an even higher resolution CSI report. It needs to be emphasized that although near optimal performance can be met with sufficient beams and quantization levels, it is desirable to keep the balance between the performance improvement and UCI cost.    
Scheme 1-2 employs a sub-arrays or multi-panels type of codebook structure. For sub-arrays based beamforming with linear combination type of codebook, each sub-array is equivalent to a smaller antenna array that creates lower beamforming gain than single array based DFT beam such as scheme 1-1. To achieve the best performance of the beamforming, it relies strongly on the W2 part of the feedback that linear combines different arrays. The co-phasing part of the W2 captures both intra-array and inter-array phases, which means W2 payload size is almost increased linearly with the number of sub-arrays. Such scheme may be beneficial only when the channel over sub-arrays are less correlated. Otherwise scheme 1-1 type CSI shall be good enough by taking advantage of large beamforming gain with its full-array DFT domain. Regarding the multi-panels type II CSI feedback, the same overhead issue was raised for scheme 1-2. In addition, the less calibrated panels make the beamforming with higher resolution CSI more impractical.  
Observation 1: Scheme 1-2 with sub-arrays type W1 requires more W2 overhead and may beneficial only when less correlation between sub-array.
Other category 1 feedback proposals, such as scheme 1-3 and 1-4 [3], take different basis vector on polarizations. It can be formulated with a householder transformation on the block diagonal based W1 structure. By such transformation, the DFT beam basis has its impact on both polarizations. One can assume that the W1 consists of L orthogonal beams pairs based on full-array ports rather than per polarization, and further linear combination is based on such full-array beamformed basis. Non-orthogonal basis based scheme 1-4 should be avoided, since extra computation is needed to obtain the orthogonal basis of beam basis. For scheme 1-3, some analysis in [4] have shown that it can be viewed as applying wideband beam co-phasing. No obvious gain is obtained with scheme 1-3 or scheme 1-4. In fact, if , scheme 1-3 can be equivalent to scheme 1-1 in the final constructed precoder. We take a rank-1 with 2 beam combination example for comparison. Here precoder of scheme 1-1 and 1-3 is formulated as 
, , respectively. With simple expansion of , it is easy to identify that with ,,, the same precoder will be generated for both  and .
Observation 2: Scheme 1-3 shall be equivalent to scheme 1-1 for the constructed precoder.
In candidate scheme 1-5, subband level power phasing with high rank precoding matrix is supported. One key difference is that the quantization for scheme 1-5 can be based on matrix quantization, and feedback bits is reduced by performing Householder transform or Givens rotation. It needs to be mentioned that although the UCI saving can be achieved by matrix operations, additional calculation for matrix transformation is still needed which requires more UE computations. Also, the overhead saving depends on how many layers are supported. At most  elements is reduced from quantization where r is the transmission rank. It needs to be further justified that whether large layers provide sufficient benefits to the performance and overhead savings as well.
Observation 3: Scheme 1-5 with matrix quantization shall be further justified on its overhead savings with high rank case.
Based on above discussion, we propose RAN1 to adopt scheme 1-1 as a starting point, and focus on the parameters down selections within it.
Proposal 4: Adopt scheme 1-1 as a starting point of Type II CSI feedback.
Parameters down selection for scheme 1-1
Number of beams in basis
The beam basis number may have a large impact on the system performance.  Ideally, if  orthogonal beams are served as basis, which spans the entire transmit subspace, the precoder will be equivalent to non-compressed channel feedback and the best performance can be expected.  Nevertheless, with the practical constraint of both UE complexity and feedback overhead, it is infeasible to support such optimal precoder feedback.  A reduced representation of the channel is therefore a necessity.  On one hand, with the sparsity of the MIMO channel, the use of a small number of the orthogonal beams is sufficient to represent channel characteristic. On the other hand, the utilization of oversampling can also effectively reduce the required number of beams.  In Rel-14 advanced CSI codebook design, a 2-beam basis can be specified due to the overhead constraint on PUCCH.  In NR-MIMO, an extension on beam number could be supported if larger payload size is allowed for UCI.  In [1], {2, 3, 4, [6]} beams are considered for Type II CSI reporting.  We investigate the impact of number of beams on performance by system simulation, as shown in Figure 1.
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Figure 1.  System performance gain with different number of beams in basis
In the simulation, the LTE Rel-13 Class A codebook with Config 2 is chosen as the baseline.  Unquantized power and phase is assumed for Type II CSI with different beams for combinations. As shown in Figure 1, we observe that the performance is improved with larger number of beams in basis.  However, the increment of the performance is non-linear with the number of beams.  For {2, 3, 4, 6} beams basis, the cell edge gain is 49%, 64%, 77%, 80%, respectively, whereas the overhead is almost linearly increased with the number of beams.  Therefore, a maximum of 4 beams basis is sufficient for 16 port or even 32 port Type-II CSI codebook. 
It needs to be clarified that the gain is achieved without actual quantization of power and phase. For larger number of beam basis, the high-index beams need more quantization bits to justify their actual power levels. Hence more overhead could be required for 6 beams than below 4 beams basis.
Observation 4: For Category 1 Scheme 1-1, increasing the number of beams in basis from 4 to 6 brings marginal gain in system performance.
Proposal 5: Support no more than 4 beams in basis for Category 1 Scheme 1-1 for performance and overhead tradeoff.
Power weighting method
It was mentioned in Scheme 1-1 that per beam/polarization/layer power weighting remains an open issue and requires futher study. Besides, the subband or wideband reporting of power weighting may be configured or down selected. 
In advanced CSI of LTE, wideband with common power weighting per polarization and layers is considered.  One of the key assumption there is that power weighting, which reflects the projection of power for each DFT beam, is in general a wideband characteristic rather than subband, since the DFT beams are selected in W1.  Figure 2 reveals the performance comparison of wideband versus subband power weighting, in which wideband power consists of polarization wise common (p1=p2) or different weighting(p1≠p2). It’s worth noting that 9 subbands for 10 MHz transmission is based on LTE numerology. For even larger bandwidth in NR, more subbands require even larger overhead for power reporting. For sufficient quantization accuracy, 3 bits quantization for both power and phase is assumed. As observed from the result, subband level power weight provides the best performance gain among all promising candidates, at the cost of much higher overhead. Further plotted overhead versus performance as illustrated in figure 3 shows that subband power weight may have gain over wideband power weight only at 2 beam combination case. For 3~4 beams subband power weight, it is challenging to support up to 600~800 bits payload within an UCI feedback. We also noticed that around 10% more cell edge gain is achieved via different power weighting across polarizations, with minimal overhead increment as long as the feedback is wideband.

Figure 2.  System performance gain with different power weighting schemes


Figure 3.  System performance gain versus overhead bits
Observation 5: Subband power weighting results in a significant increase in feedback overhead.
Proposal 6: Subband power weighting is justified only when low number of beams for combination.
Proposal 7: Wideband power weighting with different power across polarizations should be considered as a baseline for power weighting.
Power and phase quantization
To study the performance gain at different quantization levels, system simulation has been performed.  Here 3 or 2 bit quantization per element is evaluated for both power and phase, power weight is on wideband. As shown in Figure 2, around 5%~15% cell edge performance gain is achieved with 3 bit phase quantization over 2 bits.  It results in about 1.5 times of total overhead increase since the subband reporting of phase dominates the overhead.
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[bookmark: _GoBack]Figure 4. System performance with different quantization bits @ 16 port, 3D-UMi.  (X, Y) denotes the per-element quantization resolution: X-bit for power weighting and Y-bits for phase quantization.
Observation 6: Performance is improved with large quantization bits for both power and phase. 
On the other hand, the capability of UCI payload determines the affordable amount of Type II CSI.  It was agreed in [1] that the maximum number K information bit is 500 under high coding rate. It is therefore beneficial to consider configurable parameters that improve the CSI resolution with acceptable level of UCI payload size.  Configurable codebook parameters such as number of beams, power/phase quantization levels may be supported for Type II CSI.  Further study on the codebook parameters configuration methodology, such as static or semi-static configuration, is needed.
Observation 7: Total number of quantization bits should be design to facilitate UCI payload size in PUSCH/PUCCH.
Proposal 8: Configurable codebook parameters such as number of beams, power/phase quantization levels may be supported for Type II CSI. 
High rank support in Type II CSI 
CSI with high rank support allows achieving higher spectrum efficiency by scheduling higher-order spatial multiplexing.  It is specified that up to rank 8 is supported for LTE Class A codebook.  In eFD-MIMO advanced CSI reporting, up to rank 2 is supported.  In NR, Category 1 Schemes 1-1 and 1-2 can support up to rank-2, while there’s no restriction on number of ranks to be supported in Schemes 1-3, 1-4, and 1-5. 
Recall that the initial motivation of higher resolution CSI is to improve MU-MIMO performance.  In MU multiplexing, introducing larger than rank 2 for a single user is not expected to achieve significant performance gain. Besides, channel with rich scattering are generally required for high rank UE.  The codebook design, which is to be specified in Type I CSI reporting, should include multiple orthogonal beams for different layers.  The channel scattering is partially captured by multiple beams already, and Type II CSI reporting with high rank capability may provide limited gain for SU-MIMO thereafter.  Moreover, the overhead is almost increased linearly with the number of rank, which is a non-negligible issue for high rank support in Type II CSI reporting.
Proposal 9: Type II CSI supports up to 2 layers at least in NR Phase 1.
Differential Type II CSI reporting
In RAN1#88, the so-called differential CSI reporting for type II CSI feedback is proposed. The full CSI reporting is separated into T = L / 2 differential reporting and each CSI reporting is self-decodable. This will reduce the per CSI feedback instance overhead which may facilitate CSI reporting under UCI constraints. Since the feedback interval of a full CSI reporting is extended, the throughput is slightly degraded as shown in [5]. However, some drawbacks of the scheme are identified, which will restrict the application of the differential CSI reporting.
1. The CQI is in accordance with the concurrent PMI reporting to make each CSI self-decodable. This will bring challenge to CQI acquiring of the aggregated PMI from multiple differential PMIs.
2. The precoder for each CSI reporting needs to be ‘valid’ precoder. In current design of Category 1, scheme 1-1 structure, co-phasing on different layers are not jointly calculated. This means the precoder may not always -be valid when non-orthogonal layers appear on concurrent PMI’s W2 reporting.
Given the drawbacks of the above differential CSI feedback design, we propose here a new scheme which supports an incremental way which gradually improve the accuracy of CSI reporting. The combined PMI is based on multiple CSI feedbacks, and the CQI is associated with the latest combined PMI.
For illustration, a rank-1 two beam linear combination codebook with scheme 1-1 like structure is provided below.

Here beam selection as well as power weighting is fed back in W1, and co-phasing is fed back in W2. One can further separates the  as 

 and  here stands for the PMI part of the 1st beam and 2nd beam, respectively. It can be extended here that each beam or beam groups and the associated power and co-phasing factors here is referred as the PMI part of the differential CSI feedback. High power weighted DFT beams are fed back with priority, which will provide sufficient CSI granularity when lower number of beams are used. Incremental feedback with the more beams combination can provide extra CSI granularity that improves the performance. The timeline which include feedback content and procedure are provided in figure below.
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Figure 4. Illustration of incremental way of differential CSI feedback
The RI reporting of the differential CSI can be relied on the 1st CSI reporting instance, or updated on the following CSI reporting instance. There the updated  on the n-th CSI instance should be equivalent to or lower than the 1st CSI reported RI. When the RI on differential part is lower than 1st CSI reporting, the PMI is combined with the 1st  layers of the PMI in 1st CSI reporting.
To make the CQI feedback informed at both UE and gNB side, each CSI feedback should include the CQI reporting that is related to the combined PMI from all previous reporting PMI part. The differential CQI that relative to the CQI in 1st CSI reporting can be allowed to compress the CQI overhead if needed.
The application of such differential CSI is not only restricted to type II CSI reporting. In fact, it can work together with type I CSI feedback. For type I CSI feedback with L=1 configuration, the reported DFT beam and its co-phasing can be regarded as the 1st beam and co-phasing for the combination codebook. The gNB only need to configure the differential part of the codebook, such as the number of differential CSI feedback stages and the number of beams or quantization in each stage to acquire a higher resolution CSI feedback.
Proposal 10: Study the incremental-type differential CSI reporting for Type II CSI.
Conclusion 
In this contribution, we discuss views on Type II CSI feedback.  We have following observations.
Observation 1:	Scheme 1-2 with sub-arrays type W1 requires more W2 overhead and may beneficial only when less correlation between sub-array.
Observation 2:	Scheme 1-3 shall be equivalent to scheme 1-1 for the constructed precoder.
Observation 3:	Scheme 1-5 with matrix quantization shall be further justified on its overhead savings with high rank case.
Observation 4:	For Category 1 Scheme 1-1, increasing the number of beams in basis from 4 to 6 brings marginal gain in system performance.
Observation 5:	Subband power weighting results in a significant increase in feedback overhead.
Observation 6:	Performance is improved with large quantization bits for both power and phase. 
Observation 7:	Total number of quantization bits should be design to facilitate UCI payload size in PUSCH/PUCCH.
Our proposals are summarized as follows.
Proposal 1:	Both precoder and covariance matrix feedback of Type II CSI need to be supported.
Proposal 2:	If a UE is configured with a Category 2 reporting, an implicit CSI feedback (either Type I or Type II Category 1) is needed for CQI/RI reporting.
Proposal 3:	Category 3 shares the same codebook as Category 1.  The W1 and W2 are derived based on different CSI-RS resources.
Proposal 4:	Adopt scheme 1-1 as a starting point of Type II CSI feedback.
Proposal 5:	Support no more than 4 beams in basis for Category 1 Scheme 1-1 for performance and overhead tradeoff.
Proposal 6:	Subband power weighting is justified only when low number of beams for combination.
Proposal 7:	Wideband power weighting with different power across polarizations should be considered as a baseline for power weighting.
Proposal 8:	Configurable codebook parameters such as number of beams, power/phase quantization levels may be supported for Type II CSI. 
Proposal 9:	Type II CSI supports up to 2 layers at least in NR Phase 1.
Proposal 10:	Study the incremental-type differential CSI reporting for Type II CSI.
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Appendix: Simulation Assumptions 
	Parameter
	Value

	Layout
	57 cells wrap-around

	Scenario
	3D-UMi ,200m ISD

	System bandwidth
	10MHz

	Carrier frequency
	4GHz

	BS antenna configuration
	 (M, N, P, MTXRU, NTXRU) = (8, 4, 2, 2, 4) 

	Oversampling
	(4, 4) on H/V

	UE antenna configuration
	2RX with X-Pol

	UE mobility 
	3km/h

	Traffic model
	FTP Model 1, 500kB packet size

	Packet arrival rate 
	λ = 4.0 for 16 port

	MIMO configuration
	SU/MU-MIMO adaptive

	MU-MIMO precoding
	SLNR precoding

	Scheduling algorithm
	Proportional fair scheduling 

	Receiver
	MMSE-IRC receiver

	Transmission rank
	Rank 1, rank2 adaptive






Performance gain @ 16Tx, UMi, 50% loading

cell edge gain	wb,p1=p2,2beams	wb,p1=p2,3beams	wb,p1=p2,4beams	wb,p1≠p2,2beams	wb,p1≠p2,3beams	wb,p1≠p2,4beams	sb,2beams	sb,3beams	sb,4beams	0.34171977292994327	0.37064728016181991	0.45511560127890038	0.44240816060204025	0.51096635274158819	0.52772364443091102	0.61079713769928445	0.64079713769928404	0.70773691193422827	cell median gain	wb,p1=p2,2beams	wb,p1=p2,3beams	wb,p1=p2,4beams	wb,p1≠p2,2beams	wb,p1≠p2,3beams	wb,p1≠p2,4beams	sb,2beams	sb,3beams	sb,4beams	0.29181444358776676	0.28503919300950908	0.30560909791827284	0.25207851452068875	0.26501863274222548	0.28503919300950908	0.33229503983551772	0.35229503983551802	0.37123104600359808	



total overhead vs. cell edge gain

wb,p1=p2	178	289	400	0.34171977292994327	0.37064728016181991	0.45511560127890038	wb,p1≠p2	187	301	415	0.44240816060204025	0.51096635274158819	0.52772364443091102	sb	391	607	823	0.61079713769928445	0.64079713769928404	0.70773691193422827	Feedback overhead (bits)


Performance gain
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