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Introduction
As an important part of NR-MIMO design, CSI acquisition facilitates a variety of MIMO operations, such as beamforming, spatial multiplexing, SU/MU-MIMO adaptation, etc.  For Type I CSI feedback, following was agreed in RAN1 #88bis [1].
· Companies are encouraged to simulate the following to compare L = 1, L = 4 (at least for rank 1)
· 4, 8, 16, 32 ports
· CSI-RS channel estimation impairments modeled
· {UMi, UMa}
· (M, N) = [(4, 2) (8, 2) (8, 4) (8, 8) (8, 16)] for Q = 4, 8, 16, 32 ports; dual polarized array (P = 2) 
· (Nh, Nv) = (2, 1), (2, 2), (4, 2), (8, 2), (16, 1)
· Nh = # of ports in horizontal domain
· Nv = # of ports in vertical domain
· O1, O2 = (4, 4), (8, 8), [(4, 8)], [non-uniform sampling]
· At least RU = 50%, 70%; other RU values are not precluded
· 2 UE receive antennas
Additional W1 construction namely Alt 5 was included as another candidate in [2].  Also, various types of beam selection and feedback schemes are to be further studied and down selected.  
In this contribution, we share our views on Type I CSI feedback of NR-MIMO.
Down-selection of W1 alternatives
There are 5 alternatives of W1 design in [2].  Further down selection is needed between these alternatives.  
Both Alt 1 and Alt 2, which were discussed in [3], comprise multiple sets of DFT beams in its W1.  The basic idea is to introduce a beam combination codebook across DFT beam sets.  According to the codebook calculation process mentioned in [4], both amplitude and phase are quantized per subband, which aims to approximate a weighted sum of multiple basis.  Such type of codebook is designed targeting on higher spatial resolution, which can be categorized as Type II CSI rather than Type I CSI, and should be avoided in the Type I CSI feedback. 
Among the alternatives, Alt 3 utilizes the same set of DFT beams across two polarizations in W1.  It has the same codebook structure as the LTE’s dual-stage codebook which has been well studied since Rel-10.  For FD/eFD-MIMO, the W1W2 structure is leveraged with some configurability.  It can well support up to rank-8 SU-MIMO with simple construction methodology, and reduce the overall computation complexity.  
Alt 4 includes 4 identical basis sets in its block diagonal part of W1.  The design principle behind Alt 4 is that the transmission beamforming can be separated into multiple subarrays.  From overhead perspective, such construction may require comparatively larger codebook size and higher computation complexity, since each subarray needs a corresponding coefficient for combination.  From performance perspective, full array beamforming shall be good enough over subarray beamforming, when antenna elements across subarrays are well calibrated.  Therefore, Alt 4 doesn’t show remarkable advantage over Alt 3.
Alt 5, which considers using different DFT beams on different polarizations has been comprised in [2].  This may potentially improve the performance, when the grid of beam over two polarizations are highly uncorrelated.  To verify the benefit of the proposal, we conduct system evaluation with results shown below.  Single wideband selected DFT beam that applies to both polarizations was assumed for Alt 3, whereas wideband DFT beam can be identical for two polarization for Alt 5.  As shown in Figure 1, the difference over the two schemes are negligible for both 16 and 32 antenna ports.  This reflects that large-scale channel property such as the main channel path is still highly correlated for both polarization. 

Figure 1: Performance comparison of Alt 5 vs. Alt 3, 3D-UMi, 50% loading.
Proposal 1: For W1 in Type I CSI feedback, adopt Alt 3.
DFT beam construction in W1 basis
It was agreed in [2] that the potential number of candidate DFT beams per group could be L = 1, 2, 4 and/or 7, and not preclude other values if applicable.  Furthermore, the L beams W1 can be based on UE feedback, predefined beam group pattern, or gNB selection of L beams.  In this section, we discuss the potential design and try to make down-selection from various schemes.  Above selected W1 structure of Alt 3 was used for comparison.
Predefined beam group pattern
For wideband single DFT beam feedback, low angular spread channel needs to be assumed which enables the long-term channel profile captured by a single beam.  To cover sufficient paths on different subbands in large angular spread channel, L > 1 case can be applied.  In LTE FD-MIMO Class A codebook design, the configurable codebook which supports L = 4 beams was specified.  It was assumed that at least one beam group pattern is defined for L > 1 case.  Candidate beam group patterns are provided as pattern 2-1~2-4 for L = 2 beams, and pattern 4-1~4-4 for L = 4 beams. 
System evaluation for pattern 2-1~2-4, pattern 4-1~4-4 are conducted on 2D antenna array, and (d1, d2) are configured as (1, 1) for all patterns.  Inter-beam group step size (s1, s2) is (1, 2), (1, 2), (2, 1), (2, 1) for pattern 2-1~2-4, respectively to ensure all oversampled DFT beams are covered by the codebook.  Fixed value of (s1, s2) = (2, 2) for L = 4 beams is used which is in accordance to FD-MIMO codebook parameters.
  
Figure 2: UPT gain of L = 2, 4 over L = 1 @ UMi, 50% loading.
We observed from simulation results that around 5%~10% cell edge UPT gain is achieved with L = 2, slightly larger or similar UPT gain is obtained by L = 4.  It is therefore beneficial to configure the L > 1 beams with predefined pattern.  We also noticed that no significant UPT difference is observed for different patterns.  If all L = 1, 2, 4 patterns are supported, a total of 9 beam group patterns will need to be defined which seems over designed.  Thus, it is desirable to make down-selection within these patterns. 
Observation 1: Around 5%~10% cell edge gain are observed for L = 2 or L = 4 over L = 1. 
Observation 2: Insignificant performance differences for many L = 2 and L = 4 patterns. 	 
Proposal 2: Support both L = 1 and L > 1 for NR-MIMO Type I CSI feedback.
Proposal 3: Down select from patterns 2-1~2-4 and patterns 4-1~4-2 for L=2 and L=4, respectively.
Another remaining issue is that whether single or multiple of (d1, d2) should be supported.  To show the impact on the selected beams with different (d1, d2) pairs, we plot the (d1, d2) = (1, 1) together with (d1, d2) = (2, 2) for comparison.
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Figure 3: Illustration of variable (d1, d2).
It can be observed that for (d1, d2) = (1, 1), all 4 grid of beams are adjacent.  Sufficient beam granularity will be provided when the angular spread is covered by the 4 beams.  When (d1, d2) = (2, 2), larger channel angular spread will be covered at the cost of lower granularity within grid of beams.  This can also be viewed as reducing the oversampling factor on both dimensions. On the other hand, (s1, s2) = (2, 2) make sure that all oversampled beams are covered when (d1, d2) = (1, 1), but (s1, s2) = (1, 1) is needed for (d1, d2) = (2, 2). This means the number of grid of beams will be increased when (d1, d2) = (2, 2) are selected. Jointly configuration of (d1, d2) and (s1, s2) is necessary, if multiple (d1, d2) are supported.
In above discussion, multiple (d1, d2) has the potential to support larger angular spread. Nevertheless, different levels of angular spread can also be supported by multiple predefined patterns.  Although multiple (d1, d2) may be more flexible in dealing with different angular spread. It seems redundant to support both predefined pattern and configurable (d1, d2) from configuration point of view. To avoid introducing additional signalling for codebook configuration, it is preferable that down select from given predefined pattern to support various type of angular spread as priority.
Observation 3: Multiple (d1, d2) provide similar impact to the angular spread coverage as multiple predefined patterns, at least for low rank.
Proposal 4: Study multiple predefined patterns with priority than multiple (d1, d2) for rank-1 and rank-2.
UE feedback of L beams
In legacy beam group definition of LTE, all beam groups are explicitly indicated by a predefined beam selection pattern and W1 feedback.  In order to obtain the inter-beam correlations for low rank codebook, the predefined beam selection pattern essentially bring constraint to the hypothesis of the L beams.  This will result in a lower W1 overhead by a single grid of beam indication.  However, it comes at price of increasing configuration complexity.  More specifically, the performance can be affected by whether gNB selects a proper configuration of beam selection pattern to UE.  If a UE observes a beam pattern that is not included in the pre-defined patterns, UE feedback of L beams can be useful.  But the gain comes at the price of some additional W1 overhead.  If per beam indication is applied, the W1 overhead will be L times of L = 1 case such as ‘Config1’ pattern.  This may potentially increase UE’s complexity as well.  Other alternative solution is that UE feedback its preferred beam group pattern, such as ‘pattern 4-1’ with ‘pattern 4-4’ in W1. 
System evaluation on 2D antenna array with 32 TX port array is done to assess the performance.  For UE feedback of best L DFT beams on wideband without pattern restriction.  Subband beam selection and co-phasing with 4-bit W2 is used to keep the overhead acceptable.  For UE feedback pattern, ‘pattern 4-1’ with ‘pattern 4-4’ is applied with 1 bit W1 selection.  The result shows that the performance is comparable for UE selection of L beams or pattern feedback.  Considering that UE pattern selection brings much lower W1 overhead as compared with UE selected beams indication, UE beam group pattern selection should be considered as a priority over UE feedback of L beams in NR-MIMO.

Figure 4: Performance of UE selected L beams vs. UE selected pattern.
Observation 4: UE feedback of L beams reduce the complexity of gNB configuration, at the cost of larger feedback overhead and potential more UE complexity.
Proposal 5: performance and complexity trade-off for UE feedback beam group patterns versus UE indication of L beams should be for further study.
gNB selection of L beams
In contrary to UE selection of L beams, gNB can also select L beams based on its measurement form uplink signalling such as SRS.  In the case of ideal reciprocity, the selected L beams from gNB can be fairly close to UE selected L beams.  The accuracy of UE based L beams selection will be better if DL channel estimation is better than UL that gNB estimated due to sounding interference, and UE has more advantage by taking noise structure into L beams calculation.  Given the observation above that UE feedback L beams does not bring significant benefit over pattern selection, it can be inferred that gNB based L beams selection is less likely to achieve a better performance.  A more preferred solution here it to apply beamformed CSI-RS by precoding on the selected non-DFT based L beams, and apply a beam selection with co-phasing codebook similar as W2 codebook design.  This brings more flexibility to gNB implementation and increase the performance with more directed beam.
Observation 5: UE selection of L beams should outperform gNB selection of L beams.
Proposal 6: gNB selection of L beams is not supported for NR-MIMO Type I CSI.
Nested property of beam selection
One remaining issue for L > 1 is whether nested L beams for rank-1 and rank-2 is applied.  For nested rank-1 and rank-2 codebook, the PMI/CQI can calculated in a nested way which reduce UE’s complexity.  In earlier specifications of FD-MIMO, nested property is assumed for rank-1 and rank-2.  For NR-MIMO, nest property should be maintained for complexity reduction.
Proposal 7: Nested property should be assumed for rank-1 and rank-2.
Rank-2 codebook design
In LTE Class A type codebook design, the difference for rank-2 over rank-1 is mainly related with the 2nd beams construction.  In total, 3 bits are utilized per subband for beam pair selection.  The orthogonality across layers is based on co-phasing of polarization and therefore either orthogonal or non-orthogonal beams for 1st/2nd layer can be supported.  We compare the following options by considering different wideband and subband level feedback granularity of rank-2 codebook beam selection, and noted as (wideband bit, subband bit) in the options.
· Option 1: (0 + 0) for L = 1 and (0 + 3) for L = 4, same as LTE Class A rank-2 design with same or different beams within grid-of-beams
· Option 2: (0 + 0) for L = 1 and (0 + 2) for L = 4, 2-bit subband level beam selection for 1st beam and select the same beam for 2 layers
· Option 3: (2 + 0) for L = 1 and (2 + 2) bit for L = 4, 2-bit subband level beam selection for 1st beam, 2-bit, wideband level 2nd layer beam selection that relative to the 1st beam. The 2nd layer is on either (0, 0), (O1, 0), (0, O2), (O1, O2) relative to 1st beam.
In all options, subband beam selection is enabled when L = 4 is configured, and the ‘square’ beam selection pattern is chosen for L = 4. 
Table 1: Performance with wideband beam pair selection.
	L
	Option
	Cell edge UPT
(Mbps)
	Cell median UPT
(Mbps)
	Cell edge gain 
(Opt-0)
	Cell median gain 
(Opt-0)

	1
	1
	4.88
	16.74
	
	

	
	2
	4.88
	16.74
	0%
	0%

	
	3
	5.01
	17.02
	2.6%
	1.7%

	4
	1
	5.66
	18.18
	
	

	
	2
	5.48
	17.54
	-3.3%
	-3.5%

	
	3
	5.43
	18.02
	-4.1%
	-0.9%


As summarized in Table 1, we observe that for L = 1, Option-3 has some marginal gain over Option-1 and Option-2 by introducing wideband beam selection on 2nd layer.  For L = 4, Option-1 with 3-bit subband level feedback is still the best one, but the difference seems limited.  In this case, the option with minimal overhead should be chosen as the candidate.
Observation 6: Negligible gains/loss are observed with orthogonal beam selection on wideband, for L = 1 and L = 4.
Proposal 8: 2-bit subband beam selection with the same beam for both 1st and 2nd layers is chosen for rank-2 codebook.
Oversampling factor for Type I
In this section, we compare the impact of oversampling factor on performance.  Here the gain of (8, 8) over (4, 4) are summarized in Table 2 with different (N1, N2) combinations.  It is observed that the gain of (8, 8) and (4, 4) is marginal whilst the total number of precoder hypothesis is 4 or 2 times larger.   
Table 2: Performance gain of oversampling rate (8,8) over (4,4). 
	(N1, N2)
	L
	Cell edge gain
	Cell median gain

	(4, 2)
	1
	4.2%
	3.7%

	(4, 2)
	4
	2.6%
	1.3%

	(8, 2)
	1
	3.2%
	3.6%

	(8, 2)
	4
	3.5%
	3.0%

	(16, 1)
	1
	4.3%
	2.3%

	(16, 1)
	4
	1.2%
	0.3%


Observation 7: Marginal improvement on performance by introducing oversampling factor (8, 8) in addition to (4, 4). 
Proposal 9: Adopt oversampling factor (4, 4) for 2D array and (4, -) for 1D array.
W2 design in Type I CSI
Similar to W1 design, there are 4 alternatives for W2.  The motivation of Alt 1 is to minimize overhead for W2 reporting.  Since the beam is selected in W1, only co-phasing needs to be captured in W2.  In FD-MIMO, such W2 design is named as ‘Config 1’.  As mentioned earlier in the number of beams for W1, with wideband single beam selection, around 5% cell edge loss is observed.  Nevertheless, for UEs with small angular spread, Alt 1 can achieve most of the beamforming gain as compared with Alt 3.  
As discussed in Section 2, beam combining codebook is beyond the scope of Type I CSI.  It shall be considered only for Type II CSI.  Alt 2 should be precluded in W2 design for Type I CSI reporting. 
For multi-beam (L > 1) based W1 construction, subband beam selection in W2 can better support larger angular spread.  In FD-MIMO, Configs 2~4 define different beam selection pattern in W1.  In W2 for rank-1 and rank-2, 2 bits are utilized for beam selection and another 2 bits are used for co-phasing.  For Type I CSI reporting, both Alt 1 and Alt 3 may be jointly supported and configured by gNB via higher layer signaling. 
[bookmark: _GoBack]In LTE Class B codebook, beam selection and co-phasing is specified for beamformed CSI-RS ports.  For Type I CSI, only port selection shall be considered, whereas port combination codebook belongs to Type II.  A more simplified design for port selection codebook is leverage W2 design in Alt 1 and Alt 3.  For UE-specific beamformed CSI-RS with Np ports, the beam selection and co-phasing for Np = 2 can be essentially the same as Alt 1.  By defining L = 2 or 4 in Alt 3, Np = 4 or 8 can be supported as well. 
In Rel.13 FD-MIMO codebook design, a maximum of 4 beam selection and 4 co-phasing hypotheses are supported with a 4-bit W2 report.  Even though increasing the beam selection or number of co-phasing may improve the performance, the feedback overhead and UE complexity will be prohibitively higher when subband level W2 feedback is applied.  In addition, Type II CSI reporting can be used for higher resolution CSI to improve channel feedback accuracy, there’s no strong need to increase the W2 accuracy in Type I CSI reporting.
Proposal 10: Adopt Alt 1 and/or Alt 3 as the W2 structure for Type I CSI, depending on the W1 structure.
Proposal 11: Considering up to 4-bit for W2 in Type I CSI feedback as a starting point.
Conclusion
In this contribution, we discuss views on Type I CSI feedback.  Our proposals are summarized as follows.
Proposal 1: For W1 in Type I CSI feedback, adopt Alt 3.
Proposal 2: Support both L = 1 and L > 1 for NR-MIMO Type I CSI feedback.
Proposal 3: Down select from patterns 2-1~2-4 and patterns 4-1~4-2 for L=2 and L=4, respectively.
Proposal 4: Study multiple predefined patterns with priority than multiple (d1, d2) for rank-1 and rank-2.
Proposal 5: performance and complexity trade-off for UE feedback beam group patterns versus UE indication of L beams should be for further study.
Proposal 6: gNB selection of L beams is not supported for NR-MIMO Type I CSI.
Proposal 7: Nested property should be assumed for rank-1 and rank-2.
Proposal 8: 2-bit subband beam selection with the same beam for both 1st and 2nd layers is chosen for rank-2 codebook.
Proposal 9: Adopt oversampling factor (4, 4) for 2D array and (4, -) for 1D array.
Proposal 10: Adopt Alt 1 and/or Alt 3 as the W2 structure for Type I CSI, depending on the W1 structure.
Proposal 11: Considering up to 4-bit for W2 in Type I CSI feedback as a starting point.
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Alt 5 vs. Alt 3, L = 1

16 port	cell edge	cell median 	cell average	3.9520296402222987E-2	7.8274921725078883E-3	2.3129362116540708E-3	32 port	cell edge	cell median 	cell average	1.1824605953342893E-2	2.0764342611653053E-2	6.4603255712094576E-3	



16-port

cell edge	pattern 2-1	pattern 2-2	pattern 2-3	pattern 2-4	pattern 4-1	pattern 4-2	pattern 4-3	pattern 4-4	5.7953095868903848E-2	6.2251005789421887E-2	5.8738102247080759E-2	6.2251005789421887E-2	0.11151015602001757	7.1788833284270215E-2	6.4900402315768657E-2	6.8099303306839332E-2	cell median	pattern 2-1	pattern 2-2	pattern 2-3	pattern 2-4	pattern 4-1	pattern 4-2	pattern 4-3	pattern 4-4	3.5250572821808213E-2	4.4474472710181345E-2	1.7625286410904328E-2	1.2925210034663071E-2	6.8209858410199109E-2	4.7000763762411246E-2	2.1737853240114902E-2	3.5250572821808213E-2	cell average	pattern 2-1	pattern 2-2	pattern 2-3	pattern 2-4	pattern 4-1	pattern 4-2	pattern 4-3	pattern 4-4	3.2547799021787505E-2	2.5922632281013769E-2	-1.0226767452200525E-3	8.3592707870165928E-3	4.5531347265451272E-2	9.5153401511784974E-3	1.1204979991107367E-2	2.5389061805246804E-2	



32-port

cell edge	pattern 2-1	pattern 2-2	pattern 2-3	pattern 2-4	pattern 4-1	pattern 4-2	pattern 4-3	pattern 4-4	6.2E-2	4.8000000000000001E-2	6.3E-2	6.8000000000000005E-2	9.1999999999999998E-2	8.5707364341085279E-2	8.0264857881136908E-2	0.12936046511627919	cell median	pattern 2-1	pattern 2-2	pattern 2-3	pattern 2-4	pattern 4-1	pattern 4-2	pattern 4-3	pattern 4-4	3.5362853628536417E-2	4.1000000000000002E-2	5.0999999999999997E-2	6.0999999999999999E-2	5.1999999999999998E-2	8.7638376383763816E-2	9.0457154571545795E-2	5.1301763017630231E-2	cell average	pattern 2-1	pattern 2-2	pattern 2-3	pattern 2-4	pattern 4-1	pattern 4-2	pattern 4-3	pattern 4-4	3.6196518626972596E-2	2.7E-2	5.2999999999999999E-2	5.1999999999999998E-2	4.2000000000000003E-2	0.10102489019033678	9.0287945339189823E-2	4.6648771758581287E-2	



UE selected L beams	cell edge gain	cell median gain	cell average gain	9.0999999999999998E-2	6.3E-2	4.7E-2	UE selected pattern	cell edge gain	cell median gain	cell average gain	8.2000000000000003E-2	4.2000000000000003E-2	3.7999999999999999E-2	





2/6
image1.png
(d1,d2) = (1,1),(s1,52)=(2,2) (d1,d2) = (2,2),(s1,52)=(1,1)

One L=4 One L=4
GoB GoB [
Adjacent Adjacent

GoB (s=1) [

GoB (s=2] |





