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1 Introduction

In RAN1 Ad Hoc meeting, the following agreements have been achieved [1].

· For Type I for single panel case with two-stage, i.e. W1W2, codebook-based PMI feedback, 

· Bi in W1 consists of a set of L DFT beams 

· For all ranks: FFS value(s) of L 

· FFS: Orthogonal or non-orthogonal beams

· Select from following alternatives:
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  Alt 4:
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 B as Alt 3.
· Other alternatives are not precluded

· Note: the above matrices are constructed with 2D DFT precoders

· W2 is constructed, by down-selecting from following alternatives: 

· Alt 1: co-phasing only; beam selected wideband (in W1). 

· Alt 2: basis combination coefficient based on L basis based W1

· Alt 3: beam selection and co-phasing from L-beam based W1

· Alt 4: LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook) (NOTE: W1 and W2 are derived from different set of CSI-RS resources)

· Other alternatives are not precluded
· At least Type I CSI feedback should support multi-panel scenarios by choosing one of the two following alternatives:

· Alt1: only wideband co-phasing factor across panels

· Alt2: wideband and subband co-phasing factor across panels 

· At least the following criteria should be used:

· Performance-overhead tradeoff

· Description of design goal, e.g. for channel compensation or hardware impairments  

· FFS: How to capture this feature (co-phasing factor across panels) in codebook design

· Examples: in W3 with W1W2W3, W1W3W2 or W3W1W2 structure, W1W2 where multi-panel co-phasing is included in either W1 or W2
· Other examples are not precluded

In Ran1 #88 meeting, the following agreements have been achieved [2].

· For Type I single panel codebook,
· For W1, also consider:
Alt 5:
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· At least for rank 1 and rank 2, candidate DFT beam number in B (or Bi) in W1 is L=1, 2, 4 and/or 7 (other values are not precluded), if applicable
· FFS: whether or not down-selection of the L values
· FFS: configurability of L value
· For L>1, if supported:
· Alt. a: free selection of L beams by UE
· Alt. b: at least one beam group pattern is defined
· FFS: whether or not down selection of the patterns
· FFS: configurability of the patterns
· FFS: beam pattern is reported by UE
· Alt. c: selection of L beams by gNB
· FFS: signaling details
· For L>1, if supported:
· FFS: whether L beam selection is the same for rank 1 and rank 2 (nested property) or it is different
· For L=1, if supported:
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In this contribution, we discuss the further details of codebook-based PMI feedback scheme for Type I feedback, including discussions on single-panel codebook design alternatives, comparisons of subband and wideband beam selection reporting, and multi-panel codebook design.
2 Discussion on Single-Panel Codebook Design

Five design alternatives of W1 codebook have been proposed, which can be categorized as follows.
· LTE Rel-13 based W1. (Alt 3 and Alt 5)

These alternatives are aimed for beam selection operation only, and with minor changes to the Rel-13 codebook framework. The most significant feature of these designs is to propose identical (Alt 3) or different (Alt 5) beam(s) for each polarization in W1, and subband or wideband beam selection according to W2.
· Extended W1. (Alt 1 and Alt 2)
These alternatives are aimed for beam combination operation, and can support the beam selection operation as well.

For beam combination operation, the benefit of an extended beam space as in Alt 1 and Alt 2, over Alt 3 and Alt 5, is that additional degrees of freedom can be provided. As it was shown in [3] and will be further elaborated in section 2.2, performance gain can be obtained according to this Extended W1 codebook.
For beam selection operation, one possible solution is that only half of the W1 beam space is utilized for beam selection. Taking W1 Alt 1 for instance, the left half of the beam space 
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 can be used for beam selection, where a wideband beam is selected from the beam space, and a subband co-phasing is applied to the second polarization
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In this regard, for beam selection operation, W1 Alt 1 can be used as equivalent to W1 Alt 3, whereas W1 Alt 2 can be used as equivalent to W1 Alt 5.
· Beam/antenna group based W1. (Alt 4)

This approach consists of four blocks within the W1 in a block diagonal manner, where each block may correspond to a group decorrelated beams/ports in a very large array. This type of codebook is quite similar to the multi-panel codebook structure currently under discussion. However, details such as wideband or subband co-phasing, overhead of W2 reporting, etc., should be further studied.
Four design alternatives of W2 codebook have been proposed, which are briefly discussed as follows.
· Subband co-phasing W2 (Alt 1)
This alternative is similar to the design of Rel-13 configuration 1, where a single beam is selected from W1 for wideband use, and co-phasing only report is supported at each subband. It was argued that the wideband beam selection and subband co-phasing is sufficient for most cases over the subband beam selection and co-phasing approach [4, 5], which is further discussed in section 2.1.
· Subband beam selection and co-phasing W2 (Alt 3)
This alternative is similar to the design of Rel-13 configuration 2, 3 and 4, where multiple beams is selected from W1, and beam selection and co-phasing report are supported at each subband. It was argued that this approach provides additional flexibility for supporting larger angular spread, and was demonstrated that a minor gain at cell-edge can be obtained [6]. However, the corresponding increase of subband reporting overhead compare to subband co-phasing only report, is to be taken into consideration, when designing for NR type I report.
· Subband beam combination W2 (Alt 2)
In this approach, the subband beam combination coefficients are reported, which includes both amplitude and phase information. It was argued that this approach is more suitable for Type II CSI feedback rather than Type I CSI feedback, in terms of subband reporting overhead [E///]. However, as it was demonstrated in [HW] and is further discussed in section 2.2, the subband overhead increase is minor especially for rank 1, while the performance is substantially improved, compare to subband beam selection and co-phasing.
· Port selection/combination W2 (Alt 4)
The LTE-Class-B-type-like CSI feedback is specified for beamformed CSI-RS ports selected from a codebook in each subband. Further evaluation should be provided in order to justify the performance benefit of port selection/combination for NR type I report.
Observation 1: W1 Alt. 3 with W2 Alt. 1 is similar to LTE Rel-13 Class A codebook configuration 1 for wideband beam selection and subband co-phasing report.

Observation 2: W1 Alt. 3 with W2 Alt. 3 is similar to LTE Rel-13 Class A codebook configuration 2, 3 and 4 for subband beam selection and co-phasing report.

Observation 3: W1 Alts. 1 and 2 consist of extended beam space, which can be used for subband beam combination (with W2 Alt. 2), or beam selection (with W2 Alt. 1).
2.1 Subband vs. wideband reporting
Figure 1 and Table 1 first show the performance comparisons of LTE Rel-13 Class A codebook configurations 1-4 with 16 or 32 TXRU under 3D-UMa, respectively. Rank 1 simulation is performed, for which details of the simulation assumptions can be found in Appendix A. The baseline performance is obtained from Rel-13 Class A codebook configuration 1 (wideband beam selection and subband co-phasing). 
For Rel-13 Class A codebook configurations 2-4 (subband beam selection and co-phasing), minor gain or even losses on mean UPT are observed, and the same trend is also found in 5% UPT. Furthermore, figure 1 also suggests the performance of the two-basis combination approach as suggested in [3] (subband beam combination). It shows substantial gain in 5% UPT, as compared to the configurations 2-4 for subband reporting.

Since it is for rank 1 operation, the subband reporting overhead of 2-basis combination approach is identical to that of the Rel-13 configurations 2-4, i.e. 4 bits per subband. It is in this case that the subband reporting of beam combination coefficient should be considered as an alternative approach for subband reporting, at least for low rank type I feedback.

On the other hand, the wideband reporting overhead of 2-beam combination apporach, as we pointed out in [3], is 
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, where O is the oversampling rate, and N1 and N2 is the number of antenna ports in horizontal and vertical dimensions, respectively. In this case, for 16 ports reporting (where N1=2, N2=8, O=4), the W1 alt 1 overhead for selecting 2 orthogonal wideband beams is 16 bits, while the W1 alt 3 overhead for selecting 2 non-orthogonal (oversampled) wideband beams is 10 bits.
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Figure 1. UE throughputs with different codebook alternatives, 16 and 32 TXRU
	Table 1. UE throughputs with different codebook alternatives (3D-UMa)

	　
	16 TXRU
	32 TXRU

	Beam selection Config. #
	5% UPT Gain
	Mean UPT Gain
	5% UPT Gain
	Mean UPT Gain

	1
	0.00%
	0.00%
	0.00%
	0.00%

	2
	-3.09%
	1.60%
	8.99%
	1.88%

	3
	4.37%
	1.52%
	10.11%
	1.35%

	4
	1.37%
	-0.55%
	8.63%
	-0.30%

	2-basis combine
	9.13%
	3.14%
	20.62%
	4.00%


Observation 4: Minor gain or even losses is observed from subband beam selection and co-phasing reporting, for larger number of ports, e.g. X = 16, 32 ports.

Observation 5: Substantial gain is observed for subband beam combination reporting, for larger number of ports, e.g. X = 16, 32 ports.
Figure 2 and Table 2 first show the performance comparisons of LTE Rel-13 Class A codebook configurations 1-4 for 8 TXRU under 3D-UMa, respectively. Rank 1 simulation is performed, and the baseline performance is obtained from configuration 1. For configuration 2-4 (subband beam selection and co-phasing), substantial gain can be observed for 5% UPT.
Since there is no existing Class A codebook defined, an extension of codebook configuration 1 (wideband beam selection) for 4 TXRU was suggested in [4]. However, as it is shown in Figure 2 and Table 2, substantial gain can be achieved by subband beam selection (L = 4), where beam selection configuration 1 corresponds to wideband beam selection, and beam selection configuration  2 and 3 correspond to L = 2 and 4 subband beam selection, respectively.
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Figure 2. UE throughputs with different codebook alternatives, 4 and 8 TXRU
	Table 2. UE throughputs with different codebook configurations

	 
	4 TXRU
	8 TXRU

	Beam selection Config. #
	5% UPT Gain
	Mean UPT Gain
	5% UPT Gain
	Mean UPT Gain

	1
	0.00%
	0.00%
	0.00%
	0.00%

	2
	-6.59%
	1.96%
	22.92%
	2.08%

	3
	14.85%
	5.28%
	36.43%
	1.50%

	4
	-
	-
	25.58%
	-0.06%


Observation 6: Substantial gain is observed from subband beam selection and co-phasing reporting, for smaller number of ports, e.g. X = 4, 8 ports.
Based on the above observation of subband reporting of beam combination coefficient, the proposed 
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 codebook, the following parameters are used for simulation 

· 16TXRU: N1 = 2, N2 = 4, O = 4.

· Ns = 2 (number of beams for combination).
The results in Fig. 2 labelled by “W1-Alt1 W2-Alt2” denote a wideband 
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-Alt1 codebook with a total of 4 bits (or 6 bits) allocated to each subband. The results labelled by “W1-Alt3 W2-Alt2” denote a wideband 
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-Alt1 codebook with a total of 4 bits (or 6 bits) allocated to each subband.
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Figure 3. Performance comparisons between 
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[image: image24.wmf]1

W

-Alt 3  of 16TXRU systems with 2 basis combination
It shows that wideband 
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 codebook and subband 
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-Alt1 codebook achieve moderate gains over LTE Rel. 13 codebook. Near 10% gain is observed for Mean UPT, and over 15% gain is observed for 5%-UPT, with a total of 4 bits allocated for each subband. Over 13% gain is observed for Mean UPT, and over 23% gain is observed for 5%-UPT, with a total of 6 bits allocated for each subband. 

It also shows that for 16TXRU system, with a minor wideband payload increase of 6 bits, 
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-Alt3 codebook in terms of both Mean UPT gain and 5% UPT gain.
Proposal 1: For X > 8 ports, wideband beam selection (L=1 in W1) is supported for Type I W1 reporting, where the following subband reporting for W2 can be considered

· Co-phasing only (Alt 1 for wideband beam selection)
· Phase-and-amplitude (Alt 2 for subband beam combination)
Proposal 2: For X ≤ 8 ports, both wideband and subband beam selection (L ≥ 1 in W1) are supported for Type I W1 reporting, where the following subband reporting for W2 can be considered
· Co-phasing only (Alt 1 for wideband beam selection)
· Beam selection and co-phasing (Alt 3 for subband beam selection)
Proposal 3: Strive to reduce the number of codebook configurations.
3 Discussion on Multi-Panel Codebook Design
For multi-panel structured MIMO, a single DFT vector may not capture the actual channel response of the non-uniform panel arrays and match the array response. Also, panels at one TRP are not easily calibrated in implementation, and there would possibly be a phase difference from calibration error of panels. A simple solution may be adding a phase factor among single-panel precoders to form the precoder in multi-panel codebook.
The granularity of phase compensation may be variable for different cases. For non-uniform calibrated panels, a wideband PMI may be enough to capture the inter-panel phase factor. However, if the calibration error exists, the inter-panel-phase factor may contain fast fading component, which needs to be feedback in a subband manner. Thus, it may not be a good candidate to include the inter-panel phase factor in either W1 or W2, since the subband phase factor or the wideband phase factor may not be described properly. In contrast, using an additional W3 with an independent PMI feedback would be more flexible.

Proposal 4:  Support an additional W3 for inter-panel phase factors in multi-panel codebook design.

On the other hand, the panels can be spaced with relatively large distance.  In this case, the signals from different panels would arrive with slightly different angles from the receiver’s perspective, and the channel response vector for each panel would correspond to DFT vectors with different angles of direction. If the codebook design could allow different panels have independent beam(s) selection, larger performance gain could be expected.

Proposal 5: Consider independent beam(s) selection for different panels in codebook design.
3.1 Codebook design for coherent MIMO transmission
In the following, we give further discussion on potential multi-panel codebook structure. Assume the number of antenna port in the azimuth and elevation dimensions per polarization is K1/K2, and the number of panels is N. Assume the number of antenna ports for one single panel as Nv×Nh, where v, h denotes the vertical and horizontal dimension. Then the total number of antenna port is Nv×Nh×N. The final precoder could be decided by a joint formula of W3W1W2 or W1W2W3 and the following structures are possible:
1) W= W3W1W2
Multi-panel codebook could be in the following structure:
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where W1 and W2 have N blocks and each block could have same structure with single panel cases. 
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 identity matrix. In this structure, multi-panel co-phasing factor could be feedback in a wideband manner. For low correlation panels, the channel compensation factor across the panels may need to be tracked quickly, which would not be captured by wideband phase factor.  However, how much additional gain can be obtained by subband phase factor feedback needs to be evaluated and further studied.

2) W= W1W2W3
Multi-panel codebook could also be in form of W1W2W3.  Codebook in this case may have various forms, and one example for rank 1 codebook would be as follows:
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From the expression, it could be observed that designing high rank codebook would be become complex in this case, especially for the design of W2. For example, 
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It can be seen that the number of W3’s columns needs to be equal to the rank and codebook design for W3 would be complex for different ranks. Thus, it is worthless to use W1W2W3 since this structure would cost more specification effort.

Observation 7: W1W2W3 is not preferred for multi-panel codebook design.
3) Separate design of inter-panel codebook W3
Antenna ports would be increased as the number of panel increases, and correspondingly reference signal (RS)/feedback overhead is also increasing. Thus, further codebook optimization based on multi-stage codebook W1W2 W3/W3W1W2 would be one possible solution to keep the overhead acceptable.
Separating the design of single-panel codebook W1W2 and inter-panel codebook W3 may be a suitable way to reduce the overhead. For example, one CSI-RS resource consists of the antenna ports of a single panel would be used for channel estimation of the panel first. Correspondingly, PMI feedback based on W1W2 could be used. Then another CSI-RS resource consists of beamformed CSI-RS ports from different antenna panels could be used for the estimation of inter-panel phase factor based on inter-panel codebook W3. A possible codebook structure for W3 could be 
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The CSI measurement may have a similar procedure as the hybrid CSI in LTE and CQI could be calculated based on the two CSI-RS resources. Denote the beamforming vector for 1st to Nth panel as
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Note that in this approach, different panels could use different CSI-RS resources for channel estimation to acquire higher accuracy or use the same CSI-RS resource to reduce the overhead. 
Proposal 6: For multi-panel codebook design, support separate design of single-panel codebook containing W1W2 and inter-panel codebook containing W3.
4 Conclusions

In this contribution, we discuss the codebook-based PMI feedback design for Type I feedback, for both single-panel and multi-panel schemes. The proposals are summarized as follows

Observation 1: W1 Alt. 3 with W2 Alt. 1 is similar to LTE Rel-13 Class A codebook configuration 1 for wideband beam selection and subband co-phasing report.

Observation 2: W1 Alt. 3 with W2 Alt. 3 is similar to LTE Rel-13 Class A codebook configuration 2, 3 and 4 for subband beam selection and co-phasing report.

Observation 3: W1 Alts. 1 and 2 consist of extended beam space, which can be used for subband beam combination (with W2 Alt. 2), or beam selection (with W2 Alt. 1).
Observation 4: Minor gain or even losses is observed from subband beam selection and co-phasing reporting, for larger number of ports, e.g. X = 16, 32 ports.

Observation 5: Substantial gain is observed for subband beam combination reporting, for larger number of ports, e.g. X = 16, 32 ports.
Observation 6: Substantial gain is observed from subband beam selection and co-phasing reporting, for smaller number of ports, e.g. X = 4, 8 ports.
Observation 7: W1W2W3 is not preferred for multi-panel codebook design.
Proposal 1: For X > 8 ports, wideband beam selection (L=1 in W1) is supported for Type I W1 reporting, where the following subband reporting for W2 can be considered

· Co-phasing only (Alt 1 for wideband beam selection)

· Phase-and-amplitude (Alt 2 for subband beam combination)
Proposal 2: For X ≤ 8 ports, both wideband and subband beam selection (L ≥ 1 in W1) are supported for Type I W1 reporting, where the following subband reporting for W2 can be considered

· Co-phasing only (Alt 1 for wideband beam selection)

· Beam selection and co-phasing (Alt 3 for subband beam selection)

Proposal 3:  Strive to reduce the number of codebook configurations
Proposal 4: Support an additional W3 for inter-panel phase factors in multi-panel codebook design.
Proposal 5: Consider independent beam(s) selection for different panels in codebook design.
Proposal 6: For multi-panel codebook design, support separate design of single-panel codebook containing W1W2 and inter-panel codebook containing W3.
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Appendix 
	Table 3. Simulation Parameters

	Parameters
	Values

	Number of Cells
	57

	Duplex mode
	FDD

	Inter-BS distance 
	200m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	SCM-3D-UMA

	BS Tx power 
	41dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1) ; (dV,dH) = (0.8, 0.5)λ. 

	BS TXRU mapping
	(MTXRU, NTXRU, P, Mg, Ng) = (1, 2, 2, 1, 1), (2, 2, 2, 1, 1) (2, 4, 2, 1, 1), (2, 8, 2, 1, 1)

	BS antenna height 
	25m

	UE receiver noise figure
	9dB

	UE antenna configurations 
	2Rx, Cross-polarized with 0, 90deg


	UE antenna height
	1.5m

	Traffic model
	FTP model 1, 500KB packet size

	Traffic load (Resource utilization)
	50%

	UE receiver type
	MMSE-IRC

	MIMO mode 
	MU-MIMO
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